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ABSTRACT 
 
Investigation of Sooting Behavior and Soot Nanostructures of Ethanol Droplet 
Flames in Microgravity 
 
Seul Hyun Park 
Mun Young Choi, Ph.D. 
 
 
Spherically-symmetric ethanol droplet combustion experiments were performed 
to investigate the influence of initial droplet diameter, ambient pressure and inert 
substitution on the burning and sooting behaviors.  These experiments are the first to 
provide an analysis of sooting behavior of ethanol under microgravity conditions.    
Experiments were performed using the 2.2 s reduced-gravity droptower facilities at the 
NASA Glenn Research Center. Noting the importance of transport characteristics of heat 
and species and their attendant effects on flame temperature and residence time on the 
sooting mechanism of diffusion flames, parameter adjustments were made to vary the 
sooting over a wide range of conditions.  In these experiments, the residence times for 
fuel vapor transport were varied using changes in initial droplet diameters (from 1.6 mm 
to 2.2 mm) and ambient pressure (from 1.6 atm to 2.4 atm) and inert substitutions 
(Helium, Argon, and Nitrogen).  The flame temperatures and flame standoff ratios were 
varied using different inert substitutions.   
For each experiment, the soot volume fraction, droplet burning rate, sootshell and 
flame dynamics, flame temperatures, and flame radiative emission were measured. These 
measurements enabled calculation of the fuel vapor transport residence times (from 
droplet surface to the flame front) which provides a measure of the duration for pyrolysis 
reactions, soot nucleation, and soot growth.  The experimental measurements 
demonstrate that ethanol droplets burning in Ar inert environments produced the highest 
 xiii
 
soot volume fraction, followed by N2 inert environments, and He inert environments, 
which produced the lowest soot volume fraction. Within each inert environment, the 
flame temperature distribution and the flame standoff ratio were only weakly affected by 
changes in both initial droplet diameters and ambient pressures.  However, significant 
increases in soot volume fraction were observed as the initial droplet diameter and 
ambient pressure were increased.  The coupled analysis of the flame temperature and the 
residence time for fuel vapor transport provides correlation with the observed variations 
in sooting in microgravity droplet flames.   
Soot collected from microgravity ethanol droplet flames through thermophoretic 
techniques was analyzed for nanostructure properties using a fringe analysis algorithm 
that was developed as a part of this study. The experimental results indicate that the 
higher temperatures for the Ar inert experiments produce graphitic nanostructures while 
the lower temperatures for the He inert experiments produce amorphous nanostructures at 
the inner core of the soot primary particle.  The variations in the initial droplet diameters 
which influence the residence time while maintaining constant flame temperatures create 
distinct soot nanostructures on the periphery of the soot particle.  The higher residence 
times produce longer carbon lamellas with negligible curvature while the lower residence 
times produce shorter carbon lamellas with higher degrees of curvature.  These 
experimental results provide important foundational understanding of the influence of 
time and temperature history on the soot nanostructure that has not been studied 
previously.  
 1
CHAPTER 1: Introduction 
 
The industrial revolution that began more than 150 years ago has brought about 
tremendous economic development, unimagined technological transformations, and 
enhanced quality of life.  The industrial revolution, in many ways, coincided with the 
discovery of fossil fuels and the harnessing their inherent chemical potential energy 
through various energy conversion techniques (Hinrichs and Kleinbach, 2002).  During 
the past 50 years, efforts to develop and utilize alternative energy sources such as solar, 
renewable, biomass, and nuclear power have been pursued in an effort to diversify to 
more environmentally friendly sources and to seek sources that are less prone to geo-
political concerns.  However, a large portion of energy consumed throughout the world is 
still derived from combustion of hydrocarbon fuels such as oil, coal, and natural gas as 
shown in Figure 1.1. Liquid-based hydrocarbon fuel accounts for about 40% of the 
world’s energy consumed and remains the dominant energy source for the duration of the 
projection period.  Liquid fuels are also predominantly used in the transportation sector 
(See Figure 1.2) – nearly 50% of transportation needs are met through combustion 
engines fueled by liquid-based hydrocarbon fuel such as gasoline and diesel 
(International Energy Annual 2003).  Liquid hydrocarbon fuels are still preferred as an 
energy source due to their high volumetric energy density and convenience of use 
(Agrawal et al., 2007).   
 Recent analysis by Hallock et al. (2004) demonstrates that conventional oil 
production will peak around 2030 and then continually decrease.  Due to recent price 
surges of crude oil, non-conventional sources of liquid fuels have been tapped.  These 
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include oil derived from sand tar and oil shales (Hinrichs and Kleinbach, 2002).  Oil 
shale is a sedimentary rock that contains solid bituminous materials that are called 
kerogen (Hinrichs and Kleinbach, 2002).  When heated (330 °C~480 °C), petroleum-like 
liquid is extracted.  Tar sands (also referred to as oil sands) contain a highly viscous 
asphalt-like oil.  Mined tar sands are mixed with hot water or steam to extract the oil-rich 
bitumen, which is then refined into oil.  These resources are estimated to contain three 
times as much as the remaining conventional oil resources, but the recovery of oil from 
these sources is very costly due to the heating and extraction processes (ANR report, 
2006) and thus can only serve the needs of the growing global economy when crude 
prices are high enough to warrant the additional costs. 
Despite the environmental and health impacts and predicted depletion of 
resources, the hydrocarbon fuel economy continues to proliferate throughout the world.  
There are many reasons for the continued dependence of hydrocarbon fuels for our 
energy needs.  For example, the infrastructural facilities that are required for oil/gas 
exploration, drilling and recovery, transport, and storage have been developed at 
considerable expenditures throughout the world and that investment serves as an inertial 
resistance to change.   
To maintain and grow the energy supply for the global economy, nearly 510,000 
oil well sites (both on land and in oceans) are operated around the world.  As the search 
for new oil deposits continues, drilling and production activities can have significantly 
detrimental environmental impacts on formerly pristine or land and water sites.  For 
example, these processes can contaminate water wells, surface waters and soils 
surrounding the well sites.   The primary environmental concerns associated with drilling 
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for oil and natural gas are drilling wastes (such as mud and cuttings) and drilling fluids 
(Clark and Dutzik, 2002).  Drilling muds and cuttings include soil, rocks, and lubrication 
chemicals.  During the drilling process, oil and water combined with other chemicals 
form a toxic mixture that is circulated through the well hole.  These mixtures contain 
toxic materials such as grease, phenol, arsenic, chromium, cadmium, lead, mercury, and 
naturally occurring radioactive materials (Clark and Dutzik, 2002) which can 
contaminate the soil and water tables.  Oil and chemicals released into the environment 
during production activities can contaminate surrounding bodies of water and attendant 
marine life.  Toxic gas emissions from drilling sites, well heads, compressor stations, 
pipelines and other oil field infrastructure also contribute to air and water quality 
concerns.  Furthermore, the transport of oil from the regions of production to the major 
industrial nations that are resource-limited presents its own detrimental impact to our 
environment due to potential oil spills. 
A predominant percentage of practical energy conversion processes involve 
introduction of liquid fuels into an oxidizing environment in the form of a spray.  Sprays 
are comprised of small individual droplets that vaporize as a group with sheath 
combustion, while some of the larger ‘rogue’ droplets will burn individually (Choi and 
Dryer, 2001).  In an effort to improve upon the efficiency of the conversion of chemical 
to mechanical energy and to mitigate pollutant emissions, combustion researchers have 
continued to pursue improvements in engine hardware and application of active control 
principles to their operation (Heywood, 1998).  Despite tremendous expenditure of 
resources and intellectual capital, there are serious problems that are inherent in the use 
of hydrocarbon sources for energy conversion related to pollutant emissions.         
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 Combustion-generated pollutants such as carbon monoxide (CO), sulfur dioxide 
(SO2), volatile organic compounds (VOCs), nitrogen oxides (NOx) and particulate matter 
are ubiquitous by-products and can cause severe environmental and health impacts.  As 
shown in Figures 1.3a-d, liquid fuels used in the transportation sector are responsible for 
a very large portion of pollutant generation.  Recent developments in congressional acts 
such as the Clean Air legislation (California Energy Commission, 2004) have forced the 
use of improved catalytic processes (Mohino et al., 2005) and formulated fuels (Dubbin 
et al., 2000) which have had a positive impact in the mitigation of some pollutants from 
1982 to 2002 (EPA air quality trend report, 2002).  However, more than 150 million tons 
of these pollutants are still emitted into air each year in the United States alone (EPA air 
quality trend report, 2002).   
There are many environmental issues that are associated with these pollutants.  
For example, SO2 emitted into air is oxidized, producing sulfur trioxide (SO3) and  it then 
reacts with water (either moisture in the air or in contact with rain water), resulting in 
acid rain (Hinrichs and Kleinbach, 2002): 
2 22SO  + O   2SO→ 3
4
     (1.1)  
2 2 2SO  + H O  H SO→     (1.2) 
It is well known that acid rain causes acidification of lakes and streams (with attendant 
diseases in fish and wildlife), corrosion of building materials, and damages to forest and 
soils, and water tables.  
NOx and VOCs formed from combustion process can cause photochemical smog 
by reacting to sunlight (Ying et al., 2007).  When NO2 reacts with sunlight, an oxygen 
atom (O) splits from the NO2 molecule through a photochemical reaction: 
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Sun light
2NO  NO + O→      (1.3) 
O atoms formed in Eqn. 1.3 can react with oxygen molecules (O2) in the air to form 
ozone (O3): 
2O + O  O→ 3
2
      (1.4) 
O3 is known to cause breathing difficulties, headaches, fatigue and respiratory problems 
(Rubio et al., 2004).  NO2, O2 and VOCs react in the presence of sunlight to produce 
peroxyacetylnitrate (CH3CO-OO-NO2, also known as PAN): 
Sun light
2 2 3NO  O VOCs  CH CO-OO-NO+ + →    (1.5) 
The PAN (CH3CO-OO-NO2) in photochemical smog can significantly alter vision 
through irritation of the eye (Wang, 2006).   
Most of combustion by-products also present harmful impacts to the human body.  
For example, the presence of CO in the blood stream prevents the hemoglobin from 
carrying O2 from the lungs to the cells, which causes dizziness, headaches and visual 
aberrations (Mochizuki and Forster, 1962) and leads to fatality.  Also, it is reported that 
exposure to high concentration of SO2 can cause breathing difficulties and obstructs 
airways, especially for individuals with lung disease as well as emphysema (Santis and 
Ounfrio, 1986).  Compared to CO and SO2, the direct health implication of NOx is not 
serious in itself, however, NOx contributes to the formation of photochemical smog (Ying 
et al., 2006).   
Combustion processes have also been recognized as one of major sources of small 
(2.5 µm ~ 10 µm) carbonaceous particles that have tremendous impacts to environmental 
and health considerations.  Carbonaceous particles (such as soot and smoke) emitted to 
environment are transported great distances through the prevailing air currents.  During 
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the transport, the particles absorbs solar radiation and radiation from earth, then re-
radiates back to the earth, contributing to the overall global warming (Jacobson, 2001).  
Also, numerous epidemiological studies have reported that long-term exposures to 
combustion-related carbonaceous particulates can cause a host of severe health ailments 
such as heart attacks, strokes, cardiovascular diseases (Peters et al., 2001), and lung 
cancer (Pope et al., 2002). 
 
1.1 Alternative Fuels – Biodiesel and Ethanol 
There are many compelling reasons to pursue alternative energy sources to 
replace our dependence on hydrocarbon fuels and to exploit the many attributes of 
alternative sources in mitigating the environmental hazards of hydrocarbon combustion.  
Technologies such as fuel cell and hydrogen fuel combustion have emerged as promising 
alternatives to combustion of gasoline or diesel for use in the transportation sector 
(Agrawal et al., 2007).  However, due to the technical barriers associated with reliability 
of fuel cells and the current low power outputs (Agrawal et al., 2007), and infrastructural 
barriers associated with hydrogen storage and transport (Dufo-Lopez et al., 2007) and 
safety barriers associated with the potential for hydrogen explosions (Mason, 2007), the 
use of these alternative technologies for the transportation sector has not yet been met 
with great success.   
Biofuels derived from biomss sources such as ethanol and biodiesel are promising 
alternative energy sources for the transportation sector since they are competitive in price 
with liquid hydrocarbon fuels (Demirbas, 2007) and are renewable.  These biofuels also 
have an advantage that they can be easily distributed using the current infrastructures for 
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transportation and storage of fuels without additional investments (Agrawal, 2006).  
Furthermore, engine technologies have evolved that enable facile conversion from use 
with pure gasoline or diesel to various blends involving ethanol/gasoline and 
biodiesel/diesel.  To be a viable alternative fuel, biofuels must also demonstrate 
environmental benefits over traditional hydrocarbon fuels.  For example, CO  emitted 
from combustion of biomass is re-consumed by new plant growth through photosynthesis 
process, resulting in a smaller net emission of CO .  
2
2  Also, biofuels are known to be 
biodegradable and non-toxic, thereby being less harmful to the environment.  
Biodiesel is an ester-based oxygenated fuel produced from vegetable oils (edible, 
non-edible, and recycled vegetable oils) and animal fat (Vicente et al., 2004).  Biodiesel 
does not contain petroleum products but displays burning characteristics that are similar 
to diesel.   To convert vegetable and fat oils to ester-based oxygenated fuel, a 
“transesterification” in which vegetable and fat oil reacts with alcohol is applied (Vicente 
et al., 2003).  The process of transesterification leads to changes in viscosity and thus 
biodiesel is completely miscible with diesel fuel (Agarwal, 2006).  The level of blending 
with petroleum-based diesel fuel is referred as Bxx (where xx indicate the amount of 
biodiesel in the blend).  For example, B50 represents the blend of 50% biodiesel and 50% 
diesel.  The heating value of biodiesel is approximately 10% lower compared to that of 
diesel since biodiesel contains a substantial amount of oxygen in the fuel (Agarwal, 2006).   
However, due to a higher specific gravity for biodiesel (0.88) compared to that for diesel 
(0.85), biodiesel is only 5% lower in energy content per unit volume.  The attractiveness 
of biodiesel as a transportation fuel is that it can be used in blends from B20 to pure 
biodiesel, B100 in diesel engines without significant loss in performance and without 
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modifications to the operation of the engines (Antolin et al., 2002).  It has been shown 
that diesel engine combustion of various blends of biodiesel/diesel produce significantly 
lower levels of particulate matter (PM), UHC and CO (Durbin et al., 2000; Antolin et al., 
2002) compared to combustion of pure diesel fuel.  
There are, however, some technological hurdles to overcome for the prevalent use 
of biodiesel in the transportation sector.  For example, the scale of production of biodiesel 
fuel has not been exploited in the United States. Only 60 ~ 80 million gallons are 
produced each year and the necessary infrastructure for production and transport have not 
materialized.  The cost of production of biodiesel is still more expensive, resulting in a 
higher price at the ‘pump’ for biodiesel fuel –a gallon of biodiesel is approximately $3.65 
whereas a gallon of diesel is $ 2.86.   
Ethanol is perceived as a more attractive alternative fuel compared to biodiesel 
fuel.  Compared to gasoline, combustion of ethanol in conventional internal combustion 
engines, significant reductions in CO and UHC was observed (Hsieh et al., 2002).  The 
idea of use of ethanol in combustion processes goes back more than 180 years ago when 
Samuel Morey (1762-1843) designed the first internal combustion engine which used 
ethanol (Jacobson, 2007).  Countries such as Brazil and the U.S. have promoted the 
production and use of ethanol fuel since the oil crisis of the 1970’s (California Energy 
Commission, 2004).  For example, the U.S. government has provided various types of 
support such as tax exemption and credit for ethanol fuel production and use.  As a result, 
ethanol production in the U.S. continuously increased from 2 billion gallon in 1980 to 49 
billion gallon in 2006 (See Figure 1.4).  In addition, the Alternative Motor Fuels Act of 
1988 (AMFA) and the Energy Policy Act of 1992 (EPACT) have promoted the use of 
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ethanol as a transportation fuel, encouraging vehicle producers around the world to 
develop and market Flexible Fuel Vehicles (FFV) that operate on blends of ethanol up to 
85% (Agrawal et al., 2007).    
The benefits of ethanol use for transportation needs extend beyond its attribute of 
being a renewable source of energy.  The Clean Air Act Amendments (1990) have 
mandated the addition of oxygenates to gasoline to reduce CO emissions and VOC 
emission.  Methyl tertiary butyl ether (MTBE) is the most widely used for this purpose.  
Recently, MTBE (as an oxygenate), however, is being replaced with ethanol since MTBE 
is linked to carcinogenic effects and can cause groundwater contamination source 
(Marinov, 1998).   Furthermore, ethanol can be used as an extender of petroleum-derived 
transportation fuels.  Recent studies (Poulopoulos et al., 2001; Hsieh et al., 2002) indicate 
that ethanol addition (as fuel additives) to gasoline and diesel fuels significantly reduces 
pollutant emissions such as CO, UHC and NOx.  Increased oxygen in the blended fuels 
were found to reduce the formation of CO and UHC while increasing CO2 formation due 
to more complete combustion.   Also, a higher value of heat of vaporization for ethanol 
causes a lower peak temperature inside the combustion chamber and thus leads to lower 
NOx emissions.  However, aldehydes (such as acetaldehyde, C2H4O) emissions are higher 
with ethanol content in the fuel blend (Poulopoulos et al., 2001; Jacobson, 2007).  An 
increase in aldehyde formation for ethanol-blended fuel is attributed to increased 
evaporative emissions and low oxidation rate (Poulopoulos et al., 2001; Agarwal, 2006).  
Ethanol is also known as a lightly sooting fuel compared to other hydrocarbon fuels and 
therefore gasoline blended with ethanol may present an effective solution for reducing 
particulate emissions.  Thus, there are many compelling reasons for further studies of the 
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combustion characteristics of ethanol to investigate its burning behavior and production 
of particulate formation. 
 
1.2 Previous Ethanol Droplet Combustion Research  
Due to the increased importance of ethanol as an alternative fuel, the 
understanding of combustion characteristics is essential for a quantitative analysis of 
ethanol-fueled combustion system.   For this reason, there have been many studies 
performed both in normal gravity and in microgravity environments to investigate the 
combustion characteristics of ethanol combustion process.  For example, in order to 
investigate the ignition delay for ethanol combustion observed in shock tubes 
(Egolfopolous et al., 1992), detailed chemical kinetic models for ethanol decomposition 
(Marinov, 1998) were developed and calibrated.  Based upon Arrhenius expressions 
obtained from the ethanol decomposition model (Marinov, 1998), an empirical 
relationship for ignition delay was established (Shin et al., 2003).  The laminar burning 
velocity of ethanol-air mixture was also investigated to understand flame propagation for 
conditions that emulate practical situations in which ethanol blends are used as a fuel 
(Gulder, 1982).  In this study, the laminar burning velocity was correlated with variations 
in the gas-phase temperature and ambient pressure.  
Ethanol burning behavior was also investigated using isolated droplet diffusion 
flames.  The first quantitative burning characteristics of an isolated ethanol droplet in 
normal gravity were reported in the classical work of Godsave (1953).   In this work, the 
evaporation constant of ethanol determined from the slope of the plot of droplet diameter 
squared as a function of time was found to be 0.81 mm2/s.  Subsequent ethanol droplet 
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combustion experiments (Isoda and Kumagai, 1958) were performed in microgravity 
conditions.  In their experiment, microgravity conditions were obtained for approximately 
1 s by releasing an experimental chamber into free fall (See Figure 1.5).  The measured 
burning rate of 0.46 mm2/s for a 1 mm initial diameter ethanol droplet was significantly 
lower than the value obtained by Godsave (1953).  It was also found that the flame 
standoff ratio (defined as the ratio of the flame diameter to the droplet diameter) was 
nearly constant after the initial heat-up period, which is consistent with the prediction of 
the ‘d2’ law.   
In subsequent experiments by Kumagai and coworkers, the influence of relative 
velocity on the burning behavior was investigated (Okajima and Kumagai, 1975; 1982).  
The experimental results demonstrated that the droplet burning rate increases with an 
increase in the droplet velocity (See Figures 1.6) and Reynolds number according to the 
following correlation: 
( 0.5
0
1 c ReK
K
= + )       (1.6) 
where K is the droplet burning rate, K0 is the burning rate under spherical symmetric 
conditions, Re is the Reynolds number.   
While these earlier experiments have generally supported and validated the 
predictions of the ‘d2’ law, newer experiments began to expose phenomena that were not 
expected based on the earlier classical theories (Godsave, 1953).  For example, Lee and 
Law (1992) investigated freely falling streams of ethanol droplets burning in dry and 
humid environments under normal-gravity conditions.  The experiments were performed 
in the post-combustion region of a laminar flat flame at a temperature of 1050 K.   From 
these experiments, it was observed that the rate of variation of the square of the diameter 
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of ethanol droplets decreased with time, resulting in a non-linear burning rate (See Figure 
1.7a).  This same behavior was observed in microgravity conditions for methanol droplets 
burning in air (Cho et al., 1990).  Lee and Law also measured the time-resolved bulk 
liquid-phase water mass fractions for the ethanol droplets (See Figure 1.7b).  The 
mechanism causing the non-linear burning rates was due to the transport and 
condensation of water vapor (in the humid environment and produced in the flame front) 
on the droplet surface resulting in mixing with the original fuel and subsequent re-
vaporization.    
While the quasi-steady burning behavior of droplets (including the droplet 
burning rate and flame standoff ratio) is a great interest for it enables validation and 
calibration of droplet combustion theories, the short microgravity times available in the 
ground-based droptower facilities precluded the observation of burnout of flame 
extinction.  In the mid-1990’s, NASA researchers performed large fiber-supported 
ethanol droplet combustion experiments (FSDC-1) performed aboard the STS-94/MSL-1 
Shuttle mission (Colantonio et al., 1998).  In these experiments, the non-linear burning 
behavior observed in the normal-gravity experiments (Lee and Law, 1992) was 
confirmed.    
In subsequent FSDC-2 experiments, transient flame extinction was also observed.  
Figure 1.8 displays the time-resolved square of the droplet diameter as a function of time 
from these experiments.  For these large droplet experiments (as large as 6 mm), the 
reduction in the burning rate as a function of time was due to two factors, water 
condensation/re-vaporization and radiative heat losses resulting in lower flame 
temperatures.  The influence of radiative heat losses is caused primarily by non-luminous 
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radiation from the gas-phase H2O and CO2 which become more pronounced at larger 
droplet sizes due to the volumetric nature of radiation from participating medium 
(Marchese and Dryer, 1997).  The ‘d2’ law predicts that the flame diameter is 
proportional to the droplet diameter, thus an increase in the droplet diameter by a factor 
of two produces an 8-fold increase in the flame volume.   
 
1.3 Objectives of the Thesis 
It is a commonly shared belief that “one of the most important outstanding 
contributions of microgravity droplet combustion is the observation that in the absence of 
asymmetrical forced and natural convection, a soot shell is formed between the droplet 
surface and the flame, exerting an influence on the droplet combustion response far 
greater than previously recognized" (Law and Faeth, 1994).  Since the first observation of 
a sootshell in n-decane droplet flames by Shaw et al. (1988), combustion researchers 
have found that sooting and the attendant radiative heat transfer provide profound 
influences on n-heptane droplet burning rate through its influence in modifying the 
thermophysical properties of the soot-laden gas including the thermal conductivity and 
the specific heat (Choi et al., 1990; Jackson and Avedisian, 1994).  The attendant 
radiative emission from the soot and gas-phase products can also significantly reduce the 
flame temperature leading to a reduction in the burning rate (Manzello, 2000; Yozgatligil 
et al, 2003) and causing extinction promoted by radiative heat losses (Nayagam et al., 
1998).  Heretofore, ethanol fuel was considered to be a non-sooting fuel.  However, 
recent experiments performed under high ambient pressures indicated that ethanol droplet 
flames in microgravity conditions can display significant sooting behavior.  The ability to 
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span the spectrum of non-sooting to heavily-sooting behavior was one of the reasons that 
ethanol was selected as a reference fuel for study in a future International Space Station 
project.  The attendant influences on the burning behavior are therefore the focus of this 
study.   
The primary objective of this study is to improve the understanding of the 
influence of environmental conditions on ethanol droplet combustion and sooting 
behavior.  These experiments will also provide an important empirical database for 
validation and refinements of evolving droplet combustion models that incorporate sub-
mechanisms such as soot formation, transport, and thermal radiation.  In this study, 
measurements of soot volume fraction, radiative emission, droplet burning rate, flame 
dynamics, sootshell dynamics, and soot nanostructure were performed for ethanol 
droplets.  The parameters that were varied include diluent inert species (nitrogen, argon, 
and helium), initial droplet diameter (1.6 mm to 2.2 mm), and ambient pressure (1.6 atm 
to 2.4 atm). 
These experiments were performed in the 2.2 s microgravity droptower at the 
NASA Glenn Research Center at Lewis Field.  For diffusion flames, transport 
characteristics of heat and species and their attendant influence on flame temperature 
(Glassman, 1998) and residence time (Jackson et al., 1992; Lee et al., 1998) are critical 
factors that influence the burning and sooting behaviors.   However, it is difficult to 
analyze the influences of transport characteristics of heat and species and residence time 
on soot formation for the diffusion flame experiments performed in normal gravity due to 
the influence of buoyancy.  Furthermore, the control of residence times in normal gravity 
diffusion flames is also limited in range owing to the influence of buoyancy.  In contrast, 
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microgravity droplet combustion produces a simplified diffusion flame that provides a 
tractable geometry for measurement interpretations.  For example, in this unique 
environment, diffusive, convective and thermophoretic transport occurs only in the radial 
direction, so it allows flexibility in investigating transport characteristics of heat and 
species and in varying the residence time.  
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1.4 Figures 
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Figure 1.1 World’s energy production history and projections for different fuel 
sources (source: International Energy Annual 2003) 
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Figure 1.2 World oil consumption by sector (source: International Energy Annual 
2003) 
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(a) CO emission 
 
 
(b) SO2 emission 
 
Figure 1.3 Air pollutant emissions by sector (source: EPA air quality trend report, 
2002) 
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(c)  NOx emission 
 
 
(d) Particulate emission 
 
Figure 1.3 Air pollutant emissions by sector (source: EPA air quality trend report, 
2002), continued 
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Figure 1.4 Ethanol production in the U.S. (source: Ethanol Fact Book, 2006) 
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Figure 1.5 Schematic of the falling apparatus (Isoda and Kumagai, 1958) 
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Figure 1.6 Influences of relative velocity on droplet burning rate under microgravity 
(Okajima an Kumagai, 1975) 
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Figure 1.7 Droplet (a) size and (b) composition histories for methanol and ethanol 
droplet combustion (Lee and Law, 1992) 
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Figure 1.8 Comparison of the model predictions (lines) with the experimental data 
(symbols) for the evolution of droplet diameter-squared for the ethanol 
droplets of different sizes. Symbols on the top panel are the experimental 
results of Hara and Kumagai (1990); all other data are from the FSDC-2 
data set (Colantonio et al., 1998) 
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CHAPTER 2: Experimental Description 
 
2.1 2.2 s reduced-gravity droptower facility 
The microgravity droplet experiments presented in this thesis were performed at 
the 2.2 s reduced-gravity droptower at the NASA Glenn Research Center (NASA GRC) 
in Cleveland, Ohio.  The primary objective of the 2.2 s reduced-gravity droptower is to 
study the influence of reduced-gravity (to be hereafter referred to as microgravity) on 
physical phenomena such as combustion and fluid dynamics.  For more than 40 years, 
this microgravity droptower facility has been widely used as a gateway to space for many 
of the microgravity experiments performed on the Shuttle and the International Space 
Station, due to its simple operation with relatively low cost compared to other 
microgravity facilities. 
Figure 2.1 displays a schematic of the 2.2 s microgravity droptower facility.  The 
droptower facility which is an eight story building (approximately 24 m high) permits 
free fall for 2.2 s.  All falling objects near the surface of the earth inevitably experience 
air resistance which results in the deceleration of freely falling objects.  Therefore, this 
facility utilizes a drag shield assembly to minimize the effects of air resistance during the 
free fall period.   Figure 2.2 displays a schematic of the drag shield assembly and drop 
sequence.  As shown in the figure, a droplet combustion apparatus (which will be 
described in detail in the next section) was enclosed in an air drag shield.  On the fifth 
floor of the droptower facility, the droplet combustion apparatus was loaded into the drag 
shield.  The entire experimental package (air drag shield and droplet combustion 
apparatus) was then hoisted to the eighth floor by an electric crane and was suspended by 
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a single steel cable.   The bottom of the droplet combustion apparatus was separated from 
the bottom of the drag shield by approximately 20 cm as shown in Figure 2.2.  This 
design allows the droplet combustion apparatus to fall relative to the air drag shield, 
reducing the effects of air resistance.  The experimental package in a state of free fall 
released from the eighth floor of this facility experiences microgravity (approximately  
10-5  Earth gravity).  At the moment that the drag shield impacted against the air bag, the 
droplet combustion apparatus just made contact with the bottom of the drag shield, 
thereby minimizing the shock and vibration caused by collision with the air bag.  The 
experimental package was then decelerated using the air bag system.    
  
2.2  Droplet combustion apparatus 
Figure 2.3 displays a schematic diagram of the droplet combustion apparatus 
which contains a 12 liter combustion chamber (A1) with five optical access windows, 
laser-backlit diagnostic apparatus, high resolution CCD cameras and electro-mechanical 
components (batteries, stepper motors, motion controllers etc.).  The experimental 
apparatus with a dimension of 41 cm × 87 cm × 84 cm (W × L × H) was designed to be 
capable of measuring the soot volume fraction, flame temperature, flame radiative 
emission, soot shell and flame dynamics and droplet burning rate of the isolated droplet 
flame in microgravity condition.  It is also equipped with the soot sampling device to 
capture the soot particles within droplet flames during the free fall.  All mechanical, 
electronic, and optical designs of the experimental apparatus satisfy the safety 
requirements mandated by a 2.2 s droptower facility operation manual (Lekan et al., 
1996).   
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The laser-backlit diagnostic apparatus for measurements of the droplet burning 
rate and soot volume fraction is the most critical component of the microgravity 
experiment.  For the laser-backlit diagnostic apparatus, a 635 nm intensity-variable diode 
laser (Thorlabs, model LPS-635-FC) (A2) was attached to a single-mode fiber optic cable 
(Thorlabs, model FS-SN-3224) (A3).  The laser beam emitted from the fiber optic cable 
was expanded to 50 mm in diameter and was then collimated by using a Newport LC-V 
collimator (A4).  The expanded and collimated laser beam was redirected through the top 
optical port using a front reflecting 75 mm mirror (Newport, model number 30D20BD) 
(A5) positioned at 45o.  The top optical port was sealed with a 50 mm diameter quartz 
window with a broad band anti-reflection coating.   The laser beam passing through the 
combustion chamber (A1) was focused using a 200 mm focal length plano-convex lens 
fitted to the bottom optical port.  The focused laser beam was then reflected toward a 
high-resolution CCD camera (Panasonic, model GP-MF552) (A6) using a second 75 mm 
diameter mirror (Newport, model number 30D20BD) (A7) positioned at 45o.  The 
reflected beam passed through an iris (Newport, model ID-0.5) (A8) which minimizes the 
scattered light transported near the edge of Gaussian beam distribution.   In front of the 
CCD camera (A6), a Nikkor 105 mm f/1.8 camera lens (A9) was applied to obtain the 
required magnification for the spatially resolved droplet and soot containing region.  An 
image quality interference filter of wavelength 635 nm with a FWHM of 10 nm (Andover, 
model number ANDV4113) (A10) and an absorption neutral density filter with optical 
density of 3.0 (Andover, model number 300ABND-505) (A11) were placed directly in 
front of the camera lens to eliminate flame emission.   
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 The control processor unit (B1) placed on the top plate of the apparatus 
communicates with a laptop computer through the serial port (RS-232) in order to control 
the electro-mechanical components and data acquisition system.  Before each drop 
experiment, all parameters for controls of moving components such as fueling needles, 
hot wire igniters, soot sampler, etc. were pre-set and stored onto the control processor 
unit (B1).   Figure 2.4 displays the schematic of the combustion platform inside the 
combustion chamber (A1) on which the droplets are generated and deployed on a 15 µm 
SiC fiber (using two opposed hypodermic needles (B2)) and ignited using two Kanthal 
hot wire igniters (B3).   Fuel was pumped by a solenoid-activated micro syringe with a 
volume of 1.0 ml (Hamilton, model 1001) (B3) from a fuel reservoir (Swagelok, 05SF4-
500) (A13) and was delivered through each hypodermic needle (B2) attached to a 
separate rotating galvanometric device.  The dispensed fuel forms a liquid bridge and the 
rapid motion of needles in opposite direction deposits the droplet onto a 15 µm SiC fiber 
(B4).  The 15 µm SiC fiber was used to tether the formed droplet and to prevent it from 
moving out of the field of view.   The deployed droplet onto the SiC fiber was ignited 
after release into free fall by using two horizontally opposed Kanthal hot wire igniters 
(B3).   Igniters were heated for 300 ms with a peak current of 10 Amps and were 
retracted after ignition to minimize the thermal effects of the glowing igniters on the 
droplet heating and soot formation. 
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2.3 Experimental measurements and diagnostic techniques 
2.3.1 Droplet burning rate measurements 
In this thesis, the droplet burning rate constant, K, was experimentally determined 
by measuring the regression of the square of the droplet diameter with time.  The laser 
back-light was used to image the droplet during the experiments.  Once the droplet 
combustion apparatus was released into free-fall, the laser backlit images of the droplet 
were captured at 30 fps by the high resolution CCD camera (A6) placed on the bottom of 
the apparatus.  The laser backlit images were digitized frame by frame with a high-
resolution frame acquisition software (Matrox, Inspector® 4.1) and an image processing 
board (Matrox, Meteor-II Multi-Channel).  To accurately measure the droplet regression, 
each digitized image of the laser backlit droplets was analyzed to distinguish the droplet 
from the background by applying appropriate graylevel thresholds.  The threshold droplet 
diameter at each frame was then calculated using the Feret mean diameter method where 
the average value of 6 diameter measurements at various angles are used to calculate the 
mean droplet diameter.  This technique was preferred over the area mean diameter 
method which was found to be sensitive to the threshold value that was used to 
differentiate the droplet from its background.  The burning rate constant was finally 
obtained from a linear fit to the evolution of the square of the instantaneous droplet 
diameter after the transient heat-up period.  Figure 2.5 displays the measured burning rate 
for 1 mm ethanol droplet burning at atmospheric air.  Average burning rate for 1 mm 
ethanol droplet burning in air was calculated as 0.66 mm2/s which is in good agreement 
with previously measured values (Choi et al., 2003; Yozgatligil, 2004).    
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The uncertainty for droplet burning rate measurements is likely related to the 
measurement of droplet diameters.  In this study, the droplet diameter was measured 6 
times at various angles in each frame.  For 6 measurements, the largest deviation was 
found to be 0.075 mm (that corresponds to 3 pixels).  To evaluate the error (that can be 
caused by this deviation) in the droplet burning rate measurements, the fluctuation of 
diameter (0.075 mm) are randomly introduced to the measured droplet burning rate for 
the 2.2 mm droplet ethanol droplet burning in 30% O2 in N2 (that was determined by 
using the average value of 6 diameter measurements).  The reproduced droplet burning 
rate was then determined by calculating the slop of the line after the heat-up period in d02 
vs. time plots (See Figure 2.6).  The average discrepancy between actual (0.53 mm2/s) and 
reproduced cases (0.51mm2/s) is only 0.02 mm2/s (± 4%).     
 
2.3.2 Soot volume fraction measurements 
To measure the soot volume fraction distributions within the flame, a full-field 
light extinction and tomographic inversion technique was applied.  This technique has 
been widely used to obtain the field distribution of soot volume fraction in diffusion 
flames (Lee and Choi, 1998; Arana et al., 2004).  In the full-field light extinction and 
tomographic technique, the camera remains outside the region of interest (which has a 
concentrically-symmetric geometry) and detects variations in light that represent the line 
of sight projection values (See Figure 2.7).  Each projection value can be represented as 
the integration of the field along the radial portion of interest: 
0
( ) ( ) 2 ( )P x F r dy F r dy
∞ ∞
−∞= =∫ ∫      (2.1) 
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where P(x) and F(r) are the projection and field values, respectively.  Noting that the 
radius, r can be expressed in terms of x and y as 2r x y2= + , the substitution dy into dr 
in Eqn. 2.1 yields: 
2 20
( )( ) 2 rF rP x dr
x r
∞= −∫     (2.2) 
Since x=r is the radius of the line of sight measurement, the integration variable, r is a 
dummy variable, therefore suggesting a change of variables to: 
2 2
( )( )
r
FP r d
rρ
ρ ρ ρρ
∞
== −∫     (2.3) 
The calculation of the field distributions from the projection distributions in the 
concentrically-symmetric geometry requires the inversion of Eqn. 2.3.  There are a 
number of different tomographic inversion techniques to reconstruct the field 
distributions (Dasch, 1992; Lee, 1998; Santoro et al., 1980).  Lee (1998) made a 
comparison for different tomographic inversion techniques such as the 3 point Abel, 2-
point Abel and Onion peeling deconvolution algorithms and demonstrated that the 3-
point Abel deconvolution algorithm (used in the present study) faithfully reconstructs the 
field distribution for typical projection distributions.   
To obtain the field value F(r), the analytical inversion of Eqn. 2.3 can be 
performed using the Abel transform: 
2 2
1 /( )
r
dP dF r
rρ
dρ ρπ ρ
∞
== − −∫      (2.4) 
By applying the 3-point Abel deconvolution algorithm (Dasch, 1992), the inversion 
integral can be expressed as: 
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where Dij is the Abel coefficient matrix which was calculated following Dasch (1992). 
For the soot volume fraction measurement using this technique, the line of sight 
projection data can be related to the transmittance of the light (expressed by Bouger’s 
law) through the soot-containing region:   
0
exp( )e vK f LI
I λ= −      (2.6) 
where I is the transmitted intensity, I0 is the incident laser intensity, Ke is the extinction 
constant of soot (which was determined using the light-extinction/gravimetric calibration 
technique (Choi et al., 1995)),  fv is the soot volume fraction, L is the path length of the 
laser light, and λ is the wavelength of the laser light.  The equation for projection values 
(associated with soot volume fraction) can be then rearranged as: 
0
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In order to obtain the projection values, Pfv, the intensity ratio distributions (I/I0) were 
calculated by dividing the gray-level values (I) for the soot attenuated images along the 
line analysis by the corresponding intensities (I0) measured for the background images 
(which was captured prior to droplet ignition).  The measured intensity ratio distribution 
was then averaged values using a moving 5-point operator.  The obtained production data 
were tomographically inverted by applying Eqn. 2.5 to calculate the soot volume fraction 
distribution. 
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The uncertainty in the measurement of soot volume fraction using light extinction 
technique is mainly associated with fluctuations in the laser/detector combination.  The 
influence of measured laser/detector fluctuation on the soot concentration varies with the 
level of attenuation through the soot-containing region.  A 1% fluctuation in the 
measured laser intensity ratio (I/I0) causes a 1.3 ppm change (± 7%) in soot volume 
fraction calculation using 3-point Abel inversion for a case when the soot volume fraction 
is 20 ppm.   
 
2.3.3 Flame diameter and radiation measurements 
The luminous droplet flames were imaged using a high-resolution CCD camera 
(Panasonic, GP-MF552) (A14) through the eastern optical port of the combustion 
chamber (See Figure 2.3).  A 300 mm plano-convex lens (Newport, KPX205AR) (B5) 
was placed in front of the optical port to improve spatial resolution by magnifying the 
flame image (See Figure 2.4).  Additionally, neutral density filters (B6) were used to 
obtain unsaturated flame images for the various experimental conditions (e.g. different 
oxygen concentrations, inert substitutions).  Flame diameters were determined by 
measuring the spatial extent of the maximum luminosity region of the SiC filament.  
The flame radiative emission was measured using a radiometer (Dexter Research, 
2M-HS) (B7).  The detector area was 2 mm × 2 mm and was made of evaporated bismuth 
and antimony.  The detector was hermetically sealed under an atmosphere of argon.  The 
window placed in front of the detector was fabricated of potassium bromide, KBr.  The 
KBr window allowed for a flat transmission curve (95%) in the wavelength range from 1 
µm to 20 µm.  The radiometer was placed 12.5 cm from the droplet center and was 
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coupled to an amplifier (Dexter Research 1010 Low Noise Amplifier) which allowed the 
voltage signal to be amplified by 1000.  After each drop experiment, the amplified 
voltage signal obtained from the radiometer was downloaded and stored on a laptop for 
subsequent analysis.  The radiometer was designed such that the irradiance on the 
detector varied linearly with the detector output voltage.  The detector was calibrated 
using a blackbody source.  Figure 2.8 displays the measured radiative intensity from 1 
mm ethanol droplet burning at atmospheric air by assuming that the flame is a point 
source.  
 
2.3.4 Gas-phase temperature measurements 
Gas-phase temperature distributions were measured using a thin filament 
pyrometry (TFP) technique which was first developed by Vilimpoc and Gross (1989) and 
later used in several investigations on both laminar diffusion flames (Chen and Goss, 
1992; Chen et al., 1992; Pitts, 1997; Pitts et al., 1999; Ravikrishna and Laurendeau, 
2000b; Bundy et al., 2003; Russo and Gomez, 2003; Struk et al., 2003a) and premixed 
flames (Chen and Goss, 1992; Chen et al., 1992; Pitts, 1997; Pitts et al., 1999; 
Ravikrishna and Laurendeau, 2000b; Bundy et al., 2003; Russo and Gomez, 2003; Struk 
et al., 2003a).  The TFP technique provides the fast thermal response time and spatially- 
resolved temperature distribution along the fiber.  This technique involves measuring the 
radiation intensity from the SiC fiber (the same fiber used to tether the droplet) and 
determining the temperature from the measured graybody emission of the SiC fiber using 
the Planck equation: 
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where, is the emissivity of the SiC fiber, Cε 1 and C2 are Planck’s first and second 
radiation constants, λ  is the wavelength, and T is the SiC fiber temperature.  The 
emissivity of the SiC fiber is known to be weakly affected by temperature variations 
(Vilimpoc and Goss, 1988) and due to the narrow cross-sectional area the degree of 
thermal conduction along the fiber can be neglected.  The emission of SiC fiber at 700 
nm was imaged using the same CCD camera (A14) employed for the flame diameter 
imaging.  
The emission measured by the CCD camera results from the emission from the 
SiC fiber and the flame in the intervening region between the fiber and the camera.  
Figure 2.9 shows a schematic of emission from the SiC fiber and the medium (gas/soot) 
in front of the SiC fiber towards the camera.  The emission from the medium (gas/soot) in 
front of the SiC fiber was determined by measuring the spatially-resolved emission from 
the medium just above the filament and dividing it by two (since the emission from the 
medium just above the fiber results from the entire circular region as opposed to the 
semi-circular region in front of the fiber).  The intensity for the fiber was then corrected 
by subtracting the emission from the medium (gas/soot) in front of the fiber from the total 
emission measured by the camera along the SiC fiber.   As shown in Figure 2.9, neutral 
density filters (B10) were applied in front of the camera to prevent the SiC fiber images 
from being saturated under various experimental conditions (e.g. different oxygen 
concentrations, inert substitutions).    The attenuated intensity by the neutral density 
filters was compensated by using the optical density, O.D. of neutral density filter: 
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where Ifiber is the intensity of the SiC fiber emission and ICCD is the intensity measured by 
the CCD camera (attenuated by the neutral density filter).  The SiC luminosity obtained 
by digitizing the images along the SiC fiber was then filtered using a linear, 3 by 3 pixel 
mean filter and was averaged using a moving 5-point operator.   Figure 2.10 displays the 
profile of the corrected emission from the SiC fiber for 1 mm ethanol droplet burning in 
atmospheric air.  
For the calibration of TFP measurements, several techniques have been developed.  
For example, Pitts (1996) used the radiation corrected thermocouple temperature 
measurements for laminar methane/air diffusion flames to calibrate the TFP 
measurements.  In his study, the TFP measurements were calibrated by assuming that the 
observed maximum TFP signal corresponds to a temperature of 2000 K measured at the 
height 7 mm above the burner.   Temperatures at different potions along the filament were 
then determined by measured relative emission intensities.  With this calibration method, 
5 to 10 K precision and accuracy were reported.  Similarly, Struk et al. (2002) and Maun 
et al. (2007) calibrated the TFP signal by following Pitts (1996) for laminar diffusion 
flames.  Recently, Ravikrishna and Laurendeau (2000) and Bundy et al. (2003) calibrated 
their TFP signals from laminar methane/air diffusion flames with temperature predictions 
from detailed numerical models.    
In contrast to steady laminar diffusion flames in normal gravity, droplet flames in 
microgravity were found to be transient (Kumagai et al., 1971).  Kumagai’s experiments  
clearly showed that the measured flame location varied with time.  Therefore, in this 
study, the temperatures of the microgravity droplet flame were calibrated using the 
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spherically-symmetric, transient, numerical model inclusive of detailed gas-phase 
kinetics predictions for ethanol droplet flames developed by Dryer et al. (2003):  
2
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   (2.10) 
where Tref is the maximum temperature in the model prediction of Dryer et al. (2003) 
(1820 K for 1 mm ethanol droplet burning in atmospheric air) and Iref is the corrected 
maximum intensity measured from the experiment shown in Figure 2.10.  
 
2.3.5 Thermophoretic soot sampling  
Soot particles within the droplet flame were sampled using the thermophoretic 
sampling techniques (Dobbins and Megaridis, 1987).   The sampling assembly (B8) is 
comprised of a single-axis linear stepper motor (Northern Magnetics, model number 
0602-2) which is controlled using an IMS motion controller (IMS, model number 
IM48312) (See Figure 2.4).  The sampling probe attached to the linear motor is equipped 
with the copper TEM grids with a carbon substrate (Ted Pella, 01820). The linear stepper 
motor was programmed for the motor velocity and sampling duration to minimize the 
disturbance to the droplet flame before each sampling experiment.  The velocity of soot 
sampling probe was 7.35 cm/s with the resulting probe insertion/retraction time through 
the flame at approximately 0.05 s.  The sampling probe dwell time was set to 0.2 s for all 
sampling experiments.  The entire soot particle sampling procedure was monitored using 
a laser backlit apparatus (used for soot light extinction experiments). 
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2.4 Figures 
 
 
 
 
 
 
 
 
 
 
  
Figure 2.1 Schematic of 2.2 s droptower facility (courtesy of NASA-GRC) 
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Figure 2.2 Schematic of drop sequence of the experimental package 
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Figure 2.3 Schematic of the microgravity droplet combustion experimental apparatus 
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Figure 2.4 Schematic of electro-mechanical devices on the combustion platform 
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Figure 2.5 Measured burning rate for 1mm ethanol droplet burning at atmospheric air 
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Figure 2.6 Uncertainty evaluations of droplet burning rate measurements 
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Figure 2.7 Schematic of the line of sight projection distributions of axisymmetric 
field distributions 
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Figure 2.8 Measured radiative emission intensity from 1 mm ethanol droplet burning 
at atmospheric air 
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Figure 2.9 Schematic of emission measured by the CCD camera along the location of 
the fiber  
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Figure 2.10 Spatially resolved and corrected emission intensity from the thin filament 
for a 1mm ethanol droplet burning in atmospheric air 
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CHAPTER 3:  Burning and Sooting Behaviors of Ethanol Droplet Combustion:  
Influence of Initial Droplet Diameter, Ambient Pressure, and Inert 
Substitution  
 
3.1 Introduction 
Isolated droplet combustion has been studied for more than 50 years beginning 
with the pioneering theoretical works of Spalding (1953) and Godsave (1953).  In the 
classical analysis of the ‘d2-law’, the important bulk parameters of burning were analyzed 
using predictions of the droplet burning rate, the flame diameter, and flame temperature.  
The theoretical foundations were based on spherically-symmetric conditions which 
enabled direct comparisons with experiments performed under reduced-gravity 
conditions (Kumagai and Isoda, 1957).  Since then, reduced-gravity experiments have 
been performed in free fall droptowers (Okajima and Kumagai, 1975; Lee et al., 1998; 
Yozgatligil et al., 2004), parabolic flight aircrafts (Nayagam et al., 2003; Takahashi et al., 
2004), and space-based platforms (Colantonio et al., 1998; Nayagam et al., 1998) in 
efforts to extend the understanding of combustion processes and to validate evolving 
theoretical and numerical models (Williams, 1981; Choi and Dryer, 2001).  
The original ‘d2-law’ and more sophisticated models (Law and Law, 1976; Cho, 
et al.,1990) have provided important insights and aided in the interpretation of interesting 
behaviors such as non-linear burning rates (Choi et al., 1989), disruptive burning (Shaw 
et al., 1988),  diffusive extinction of droplet flames (Cho et al., 1990, Nayagam et al., 
1998) and radiative extinction of droplet flames (Nayagam et al., 1998; Marchese and 
Dryer, 1997).  The influence of sooting on droplet burning behavior, however, has not 
been actively studied until recently.  In the pioneering works of Kumagai and co-workers 
(1957), sooting behavior of n-heptane (which was considered to be a mildly sooting fuel 
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in those studies based on visual observation but revealed in more recent studies to be a 
sooty fuel based on detailed laser extinction measurements) was largely ignored.  Fuels 
such as ethanol were selected in later studies (Kumagai et al., 1971) to completely 
remove the sooting influences from the experiments for direct comparisons to theoretical 
formulations for which sooting was not included.    
Shaw et al. (1988) first reported the observation of a spherically-symmetric 
sootshell for a microgravity droplet flame of n-decane burning in air.  These experiments 
first indicated that the sootshell formed based on diffusion, thermophoresis and drag 
induced by Stefan flow.  In 1990, Choi et al. reported that the burning rate of n-heptane 
droplets were as much as 30-40% lower than the classically accepted value of 0.78 mm2/s 
measured by Kumagai et al. (1971).  It was believed that success in achieving truly 
quiescent conditions enabled the formation of spherical sootshells. Jackson and 
Avedisian (1994) also observed significant reductions in the burning rate as a function of 
initial droplet diameter which was attributed to the increased sooting.  Through these 
observations and analysis of these phenomena, the importance of sooting on the burning 
and radiation behaviors of microgravity droplet flames was established (Choi and Dryer, 
2001).    
The influence of sooting on the burning and radiation behavior in microgravity 
droplet combustion is controlled by the level of soot formation and accumulation.  In 
many of the earlier studies (Kumagai et al., 1971; Jackson et al., 1992), the sooting 
behavior was assessed only through visual observations.  Visual observation is limited 
due to the non-linear nature of human vision to distinguish between light, dark, and 
shades in between.  While this method is adequate for identifying whether or not soot is 
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produced in a given flame, quantitative information cannot be evaluated.  To overcome 
this impediment towards a better understanding of sooting microgravity droplet flames, 
Lee et al. (1998) employed full-field light extinction and tomographic inversion 
techniques to accurately measure the soot volume fraction.  These measurements revealed 
that as the initial droplet diameter was increased, significant increases in the soot volume 
fractions were observed.  
Previously, there have been extensive investigations using gaseous diffusion 
flames in co-flow (Gulder and Snelling, 1993; Axelbaum and Law, 1990) and counter-
flow (Du et al., 1988) geometries to determine the influence of flame temperature, diluent 
addition, and residence time on sooting behavior.  The relationship between the transport 
characteristics of heat and species and the sooting propensity for diffusion flames has 
been well-established (Glassman, 1998; Guo et al., 2002) – variations in transport 
characteristics of heat and species affect flame temperature distributions and species 
concentrations, thus sooting behavior.  Variations in the residence times for fuel vapor 
transport can also modify sooting behavior for it controls the duration for fuel pyrolysis, 
soot nucleation, and soot growth processes (Jackson et al., 1992).  It was found that the 
geometries of the flame play an important role in the soot formation characteristics and 
that the results obtained are not universal (Axelbaum and Law, 1990).  They conducted 
experiments to identify the influence of fuel concentration dilution on soot formation.  It 
was found that the different flame geometries of co-flow diffusion flame and counter-
flow diffusion flame can affect the sooting behavior due to the differences in the 
convective, diffusive, and thermophoretic transport behaviors.  Therefore, investigation 
of these parameters on microgravity droplet flames, which are defined by unique 
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simplifed geometries and residence times that are significantly longer than those in 
gaseous flames, is warranted.   
In many ways, spherically-symmetric droplet combustion offers an ideal 
configuration in which to study the influence of parameter control on sooting because of 
its simplified geometry (which enables simple interpretation of experimental 
measurements) and the facile manner (which controls the residence time by merely 
changing the initial droplet diameter and ambient pressure) to control sooting over a wide 
range.   
In a previous microgravity investigation (Lee and Choi, 1997) performed under 
reduced pressures down to 0.25 atm, the soot volume fractions was observed to decrease 
linearly with pressure.  These variations in sooting behavior of microgravity droplet 
flames were attributed to factors involving the changes in the flame temperature and the 
residence time for fuel vapor transport.  Flame temperature and residence times, however, 
were not measured in the previous investigations.  In a previous work (Yozgatligil et al., 
2004), it was reported that ethanol microgravity droplets burning did not produce soot at 
atmospheric pressure despite large increases in temperature afforded by oxygen 
concentration variations.  However, significant sooting was observed when higher 
ambient pressure was combined with higher oxygen concentrations (Yozgatligil et al., 
2007).  Once soot begins to form at the higher flame temperature and ambient pressure, 
the observed sooting trends of ethanol with inert substitution were similar to that 
observed for alkane fuels such as n-heptane (Nayagam et al., 1998), n-decane (Choi et al., 
1993), and nonane (Bae and Avedisian, 2007).  For example, nonane droplets combustion 
experiments in microgravity performed with inert substitution (N2 versus He) (Bae and 
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Avedisian, 2007) showed that the He inert case produces significantly lower sooting 
(based only on visual observation) tendency compared to the N2 case.   
In an effort to accurately determine the influence of inert substitution, initial 
droplet diameter, and ambient pressure, detailed measurements of soot volume fraction, 
droplet burning rate, soot and flame dynamics, flame temperatures, and flame radiative 
emission were obtained.  In this study, judicious selections of initial droplet size (from 
1.6 mm to 2.2 mm), ambient pressure (from 1.6 atm to 2.4 atm), and inert substitutions  
(He, Ar, and N2) were employed to enable comparisons over a wide range of flame 
temperatures (affected by inert substitution) and residence times (affected by initial 
droplet diameter, ambient pressure, and inert substitution).  
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3.2 Droplet Burning and Sooting Behaviors in Microgravity Droplet Combustion 
 
3.2.1 Droplet burning behavior 
Figures 3.1 and 3.2 display the laser-backlit view of ethanol droplets burning in 
environments of 30% O2 in He, N2, and Ar.  For each inert case for which the ambient 
pressure was held constant at 2.4 atm, the initial droplet diameters were varied from 1.6 
mm to 1.9 mm to 2.2 mm (in Figure 3.1).  For each inert case the initial droplet diameter 
was held constant at 1.9 mm, and the ambient pressure was elevated from 1.6 atm to 2.0 
atm to 2.4 atm (in Figure 3.2).  To investigate the influence of initial droplet diameter, 
ambient pressure, and inert substitution on burning behavior, average burning rates were 
obtained for all experiments shown in Figures 3.1 and 3.2 by calculating the slope of the 
line after the heat-up period in d02 vs. time plots (as shown in Figure 2.7 in chapter 2).  
The measured burning rates for all experiments are displayed in Figure 3.3 (as a function 
of square of initial droplet diameter) and in Figure 3.4 (as a function of ambient pressure), 
respectively.  As shown in Figure 3.3, the droplet burning rate for each inert case 
decreased with an increase in the initial droplet diameter.  By maintaining constant initial 
droplet diameter, the substitution of inert revealed that the measured burning rates of 
ethanol in N2 environment are nearly identical to the values measured in the Ar 
environment.  The burning rates in He environments are, however, significantly higher 
compared to values in the N2 and Ar environments.  The higher burning rates for the He 
cases are due to the significantly higher thermal conductivity of He with respect to N2 
and Ar.  Table 3.1 shows the heat capacities and thermal conductivities for inert gases 
used in this study.  For all cases, the variation in droplet diameters, compared to the 
variation in pressures, caused a greater reduction in the burning rate. 
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Table 3.1 Thermophysical properties of Ar, N2, and He at 2.4 atm and 400 K 
 cp  [kJ/kmol·K] λg [W/m·K] α [m2/s] 
He 20.79 0.19 0.125 
N2 29.31 0.03 0.015 
Ar 20.84 0.02 0.015 
 
† Data from NIST Standard Reference Database 69, June 2005 Release: NIST Chemistry WebBook
 
There are several mechanisms through which sooting can affect burning behavior 
of microgravity droplet flames.  One of the most important of these mechanisms is the 
enhanced heat losses caused by radiative emission from the flame.  The radiative 
emission is dependent on the concentration of soot (which increases with the initial 
droplet diameter and ambient pressure) and the volume of the participating medium 
(proportional to the flame volume which varies with the initial droplet diameter and inert 
substitution).  To elucidate the influence of radiative heat losses on the burning behavior, 
radiative emission from the flame was measured using a broadband radiometer which 
was placed 12.5 cm from the center of the droplet (See Figure 3.5).  The spectral 
response of the radiometer is from 1 µm to 20 µm, thereby capturing the majority of the 
radiation emitted from the broadband by soot particles and spectral radiation emitted by 
radiating gases such as CO2 and H2O. 
The characteristics of the radiative heat loss on the burning behavior can be 
evaluated by calculating the radiative heat loss fraction: 
m
r
c
QX
Q
=                                                               (3.1) 
where, Qm is the measured radiative emission power, and Qc is the rate of heat generation.   
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For the comparison of radiative heat loss fraction, only experiments performed in 30% O2 
in Ar and He environments are considered due to the nearly opposite sooting behaviors 
(i.e., sooting and non-sooting) for these two inert cases which will help to understand the 
characteristics of radiative emission from the flame.  For each of the cases, Qc was 
calculated using the following equation: 
4
l
c
K HdQ πρ ∆=                                                     (3.2) 
where ρl  is the liquid density of the fuel, K is the burning rate, ∆H is the heat of 
combustion per unit of mass of the fuel, and d is the droplet diameter. 
Figures 3.6a-b display the measured radiative heat loss fractions as a function of 
time when the initial droplet diameter varies from 1.6 mm to 2.2 mm for ethanol droplets 
burning in 30% O2 in Ar and in He.  It is clearly observed that the radiative heat loss 
fraction rapidly increases and approaches quasi-steady values for all experiments.  The 
most dramatic increase in radiative heat losses occurs when the droplet diameter is 
increased for the Ar inert environments (See Figure 3.6a).  Note that the flame 
temperature is nearly constant for the experiments shown in Figure 3.6a (as will be 
shown later) but the dramatic increase in Xr is due to the large increase in sooting coupled 
with the increase in the volume of the flame.  For the He case, however, the increase in 
the droplet diameter has very little corresponding effect on the radiative heat loss fraction 
(compared to the dramatic increases that were observed for the Ar case).   
Figures 3.7a-b display the measured radiative heat loss fractions plotted versus 
time when the ambient pressure was increased from 1.6 atm to 2.4 atm for ethanol 
droplets burning in 30% O2 in Ar and in He.  For the Ar case, the radiative heat loss 
fraction increases as the ambient pressure is elevated (See Figure 3.7a) whereas the 
 56
increase in radiative heat loss fraction in the He case is almost negligible as shown in 
Figure 3.7b.  Furthermore, for the pressure ranges investigated, the magnitude of 
increases in radiative heat loss fraction in the Ar environment is smaller than what was 
observed for the droplet size variation experiments (Compare Figure 3.6a with Figure 
3.7a).  Greater reductions in the burning rate for the droplet size variation experiments 
(compared to the ambient pressure variation experiments) can be explained by this 
radiative heat loss mechanism.  In addition, the changes in the ambient pressure do not 
produce significant variations in the flame temperature and sizes (as will be shown later).  
Therefore, the radiative emission for the Ar case may be dominant through the soot 
radiation when the ambient pressure is increased.   
 
3.2.2 Droplet Sooting Behavior 
For the experiments performed in the Ar and N2 environments, sootshells were 
observed for all ambient conditions.  For the He experiments, only the largest droplet 
experiment (2.2 mm) burning at the highest ambient pressure (2.4 atm) produced visible 
sooting.  It was also observed that the soot formed in this He environment quickly 
disappeared before the completion of drop experiment. 
A sootshell of varying opaqueness (denoting differences in sooting propensity) is 
formed due to the counteracting influences of thermophoretic flux (Jackson et al., 1992; 
Yozgatligil et al., 2007), which transport the soot particles formed near the flame front 
towards the droplet, and Stefan flux, which transports the particles away from the droplet. 
Therefore, a phenomenon defined as “soot trapping” occurs at an equilibrium position 
defined by the location of the sootshell (Avedisian, 1997; Yozgatligil et al., 2007).   
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The soot standoff ratios (sootshell radius divided by the instantaneous droplet 
radius) are very sensitive to the changes in the inert as shown in Figure 3.1.  The Ar 
environment produced the smallest soot standoff ratio, while the He environment 
produced the largest soot standoff ratio.  These variations are caused by the differences in 
burning rate (which affects the rate of Stefan flux) and the temperature distribution and 
flame sizes (which affect the rate of thermophoretic transport) (Avedisian, 1997; 
Yozgatligil et al., 2006).  Changes in initial droplet diameter as well as ambient pressure, 
however, revealed that the soot standoff ratios are weakly dependent on these parameters.  
More details on these phenomena will be provided in section 3.3. 
Visual observation of the images in Figures 3.1 and 3.2 indicates that the 
magnitude of sooting (based on the opaqueness of the sootshell) increases with initial 
droplet size and ambient pressure.  It was speculated by Lee et al. (1998) that the larger 
initial droplet diameters increased the residence time for fuel vapor transport and soot 
formation.  However, the residence times were not measured in that study to quantify the 
influence.  With regards to the influence of pressure, several numerical studies for 
gaseous diffusion flames in normal gravity (Kazakov et al., 1995; Rodithcheva and Bai, 
2001) suggest that the higher soot formation arises from the higher concentration of soot 
precursors such as C2H2 that are formed.  Higher pressure experiments can also enhance 
soot formation and growth compared to the lower pressure experiments due to the 
influence of diffusivity of oxidizing species (such as OH).  Figure 3.8 displays the 
calculated diffusion coefficient for OH species for 1.9 mm ethanol droplets burning in the 
Ar environment at the ambient pressure of 1.6 atm, 2.0 atm, and 2.4 atm.  As shown in 
the figure, the influence of diffusivity of OH species decreases as the ambient pressure 
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increases.  The inverse relationship between pressure and mass diffusivity reduces the 
ability of oxygen-containing species such as OH to diffuse across the flame front to 
oxidize the soot particles with pressure.  
Inert substitution of He inert produced the lowest sooting behavior, followed by 
N2 and then Ar, which produced the highest sooting behavior as shown in Figures 3.1 and 
3.2.  For each of the experiments, the soot volume fraction distributions were measured 
as a function of time (See Figure 3.9).  The time-varying soot volume fraction 
measurements indicate that the sootshell location resides closer to the droplet surface 
with the progression of time due to the influences of thermophoresis.  From these 
distributions, the maximum soot volume fraction, fv max, for each condition was 
determined and plotted in Figure 3.10 (as a function of square of the initial droplet 
diameter) and in Figure 3.11 (as a function of ambient pressure).  Comparisons of the 
different inert cases clearly support the interpretation obtained from visual observations 
that the fv max for the He inert is the lowest followed in order by the N2 inert and the Ar 
inert cases.  The primary factors causing the variation in the observed sooting behavior 
are related to the transport characteristics of heat and species and their attendant effects 
on flame temperature and residence times available for soot formation.   
 
3.2.3 Variations in Flame Temperature 
Transport of heat and species is an important factor to consider for sooting in 
diffusion flames (Glassman, 1998; Guo et al., 2002).  To determine the influence of 
transport of heat and species on the sooting behavior of ethanol microgravity droplets 
flames, experiments using Ar, N2, and He inert substitutions were performed. 
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Figure 3.12 displays the measured flame temperature distributions for the 1.9 mm 
initial droplet diameter ethanol droplets burning in environments of 30% O2 in Ar, N2, 
and He at 2.4 atm.  The maximum flame temperatures for the Ar, N2, and He cases are 
2275 K, 2013 K, and 1731 K, respectively.  The differences in flame temperatures can be 
explained by the influence of the different heat capacities (See Table 3.1).  Based on the 
differences in the heat capacity, the presence of monatomic species such as He and Ar (as 
inerts) will produce higher adiabatic flame temperature compared to diatomic species 
such as N2.  However, the He inert case produces the higher diluent concentration in the 
flame zone due to its higher mass diffusivity compared to the Ar and N2 inert cases 
(McLintock, 1968; Guo et al., 2004).   In addition, the heat produced at the flame front 
for the He case is rapidly transported to the surrounding environment due to its higher 
thermal diffusivity (Yozgatilgil et al, 2007), producing temperatures that are 
approximately 280 K lower than the N2 inert case and 540 K lower than the Ar case.  
Furthermore, the rapid diffusion of heat in the radial direction for the He case results in a 
broadening of the flame region compared to Ar and N2 cases.  
In a previous work, Guo et al. (2002) performed a numerical analysis to 
investigate the influence of inert addition on sooting behaviors using ethylene/air/inert 
diffusion flames.  For cases in which inerts (He and Ar) were added to the fuel stream, a 
significant increase in sooting was observed for the He case compared to the Ar case.  In 
their results, it was revealed that the maximum flame temperature for the Ar case was 
only 28 K higher than the He case.  The cause for this behavior was attributed to the 
higher thermal diffusivity of helium (compared to Ar) which conducts heat more 
effectively to the flame zone, lowering the maximum flame temperature.  However, this 
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also causes the extension of the temperature field to the flame zone that further broadens 
soot incipient isotherms (which specify the threshold temperatures for soot inception) 
(Glassman, 1998).  It is generally accepted that the threshold temperatures for soot 
inception range about from 1250 K to 1650 K. (Gomez et al., 1987; Glassman, 1998; 
Sunderland and Faeth, 1996).  The higher mass diffusivity of He (compared to Ar) 
enables more rapid transport of soot precursors such as C2H2 to the expanded soot 
incipient isotherms, leading to active soot surface growth processes (Glassman, 1998).  
These two effects combine to produce higher sooting tendency for the He case.  
In other experiments (Mclintock, 1968), when the inert was added to the oxidizer 
stream, the opposite effect was observed in which Ar case produced significantly more 
soot compared to the He case.  These trends are in good agreement with our experimental 
results.  The investigation of Guo et al. (2002) indicates that the reason for this behavior 
is related to great reductions in the maximum flame temperature and the attendant 
reduction in C2H2 concentration, which is an important precursor in the soot mass growth.  
When He (as inert) whose thermal and mass diffusivities are much higher than the fuel 
exists in the oxidizer stream, the influences of heat and species transport are predominant 
over the environment (or oxidizer stream) compared to the flame zone.   Therefore, their 
influences produce a significant reduction in the maximum flame temperatures due to 
rapid heat transport to the surroundings, resulting in shrinkages of the extent on the 
temperature field to the flame zone and the transport of C2H2 to soot incipient isotherms.  
As a result, the variations in the soot volume fraction correlate well with the maximum 
flame temperatures for the Ar and He cases as observed in our inert substitution 
experiments. 
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To further elucidate the influence of flame temperature on the sooting behavior of 
microgravity droplet flames, possible variations in flame temperature distribution caused 
by changes in the initial droplet diameter and ambient pressure were investigated for the 
30% O2 in Ar case (See Figures 3.13 and 3.14).  As shown in the figures, the flame 
temperature distributions and the flame standoff ratios (flame radius divided by 
instantaneous droplet radius, r/ri) are only weakly affected by the changes in the initial 
droplet diameter and ambient pressure.  For all Ar experiments, the flame standoff ratios 
are nearly constant at 3.9.  The range of maximum temperatures varies from 2301 K to 
2261 K as the initial droplet diameter increases from 1.6 mm to 2.2 mm.  Similarly, the 
maximum flame temperature slightly reduces from 2292 K to 2275 K as the ambient 
pressure increases from 1.6 atm to 2.4 atm.  Similar behaviors were observed for the N2 
and He inert cases and the measured maximum flame temperatures for the 18 different 
cases shown in Figures 3.1 and 3.2 are also summarized in Table 2.2.  The fv max, however, 
increases significantly with an increase in the initial droplet diameter as well as ambient 
pressure despite the small reduction in the flame temperature.  For example, the fv max for 
the Ar case is drastically increased from 13.1 ppm (for 1.6 mm diameter case) to 32 ppm 
(for 2.2 mm diameter case) despite the maximum temperature being nearly 40 K lower.  
This behavior indicates that a mechanism other than flame temperature is responsible for 
the increase in the soot volume fraction.  Thus, the influence of these parameters on the 
residence times (and the attendant effects on sooting behavior) must be investigated. 
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Table 3.2 Summary of measured maximum flame temperatures  
                               and soot volume fractions for all experimental conditions 
 
                    Tf max  [K] fv max  [ppm] 
1.6 mm 1740 - 
1.9 mm 1731 - 
2.2 mm 1718 4.3 
1.6 atm 1733 - 
2.0 atm 1734 - 
30% O2 in He 
2.4 atm 1731 - 
1.6 mm 2020 9.7 
1.9 mm 2013 16.8 
2.2 mm 1991 21.2 
1.6 atm 2022 7.1 
2.0 atm 2019 9.6 
30% O2 in N2
 
2.4 atm 2013 16.8 
1.6 mm 2301 13.1 
1.9 mm 2275 26.7 
2.2 mm 2261 32.0 
1.6 atm 2292 11.8 
2.0 atm 2283 18.3 
30% O2 in Ar 
2.4 atm 2275 26.7 
 
In previous experiments, Gulder and Snelling (1993) showed the importance of 
the residence time for gaseous diffusion flames in co-flow geometries, τd on the soot 
yield.  In their experiments, τd were correlated with the following relationship: 
FX d
H
L
τ ∝                                                       (3.3) 
where L is the flame diameter, H is the flame height, and XF is the fuel mole fraction.   
Considering the flame height for co-flow diffusion flames, H can be scaled as υA/D 
(Glassman, 1995) (where υ is the mean fuel exit velocity, A is the nozzle exit area, and D 
is the mass diffusivity of mixture of fuel and diluent species), the inert addition such as 
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He (that has much higher mass diffusivity than the fuel) can cause in a great reduction in 
the flame height and thus the residence time.   For example, the diffusivity of gas-mixture 
for ethylene/ 21% O2 in He is approximately 3 times higher than that of gas-mixture for 
ethylene/ 21% O2 in Ar at 1000 K and the atmospheric pressure.  In the previous studies 
(Guo et al., 2002) in which various inerts were added to the fuel or oxidizer stream, the 
residence time effects on soot formation, however, were not taken into account. 
 
3.2.4 Variations in Residence Time 
For diffusion flames, the residence time of fuel vapor transport is also a critical 
parameter as it defines the duration for pyrolysis reactions which lead to the species 
required for PAH formation, soot nucleation, and surface growth (Lee et al., 1998; Lee 
and Choi, 1997; Jackson et al., 1992).  With the measurements of the droplet burning rate, 
flame radius, and the flame temperature distributions, the parameters defining the 
residence time of fuel vapor transport, namely, Stefan and fuel mass diffusion velocities 
can be calculated.  In the spherically-symmetric configuration, the Stefan and fuel mass 
diffusion velocities are defined as: 
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S
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K rV
r
ρ= ρ                                                        (3.4) 
. .
2
ln(1 )(1 )F S F S d
F AB
Y YV D
r
r− −= −                                       (3.5) 
where K is the burning rate, lρ is the liquid-phase density, gρ  is the gas-phase density, 
ABD  is the mass diffusion coefficient of fuel in the gas phase, and  is the mass 
fraction at the droplet surface.  In the present study, D
.F SY
AB was determined as (Reid et al., 
1987): 
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                                             (3.6) 
where P is the ambient pressure, MWAB is the molecular weights for species A and B (i.e., 
ethanol and inert), the  is the hard-sphere collision diameters for species A and B, 
and 
ABσ
DΩ  is the collision integral.  
Figure 3.15 displays the calculated Stefan and fuel mass diffusion velocities as a 
function of normalized radial position for the ethanol droplets burning in 30% O2 in N2, 
He, and Ar.  The Stefan velocities near the droplet surface are observed to increase to a 
maximum value and then decrease with radial position.  For droplet combustion, the 
highest temperature gradients occur near the droplet surface, causing the rapid reduction 
in the gas-phase density and hence higher Stefan velocities.  After reaching the maximum 
value, the Stefan velocities decrease due to the added importance of the squared radius 
term in the denominator of Eqn. 3.4 (Choi, 1993).  The maximum Stefan and fuel mass 
diffusion velocities for the 30% O2 in He inert environment are significantly higher than 
the values measured for the Ar and N2 inert environments due to higher droplet burning 
rate and mass diffusivity.   
Figure 3.16 displays the calculated Stefan and fuel mass diffusion velocities for 
different initial droplet diameters as a function of normalized radial position for the 
ethanol droplets burning in 30% O2 in Ar at 2.4 atm. As displayed in the figure, the 
magnitude of the Stefan velocities decrease dramatically as the initial droplet diameter 
increases, while the magnitude of the mass diffusion velocities are weakly dependent on 
the initial droplet diameter.  Furthermore, the magnitude of the Stefan velocities is 
significantly larger in comparison to that of fuel mass diffusion velocities for all cases.  
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These experimental results indicate that the calculation of the residence time of fuel 
vapor transport is strongly influenced by the Stefan velocities relative to the fuel mass 
diffusion velocities.  However, the mass diffusion velocities become prominent for lower 
ambient pressure experiments (See Figure 3.17) since mass diffusion coefficient of fuel 
in the gas phase, ABD  is inversely proportional to the ambient pressure.  In addition, 
increases in gas-phase density, ρg with pressure result in great reductions in the Stefan 
velocities (See Figure 3.17). 
The calculation of the residence time, τr, of fuel vapor transport in the spherically-
symmetric configuration can be obtained by integrating the inverse of the radial gas 
velocity, U(r) (Jackson et al., 1992): 
1
( )
f
d
r
r r
dr
U r
τ = ∫                                                      (3.8) 
where, rd and rf  represent the droplet surface and flame front respectively.  The radial 
velocity, U(r), is defined as the sum of Stefan Velocity, Vs (See eqn. 3.4) and fuel mass 
diffusion velocity, VF (See eqn. 3.5). 
 The residence time of fuel vapor transport was plotted as a function of the square 
of the initial droplet diameter (Figure 3.18) and as a function of ambient pressure (Figure 
3.19).  As shown in the figures, the residence time of fuel vapor transport is linearly-
dependant on both the square of the initial droplet diameter and the ambient pressure.  
The He environments produce the shortest residence time for fuel vapor transport 
followed by N2 environments and then Ar environments which produce the longest 
residence times.  The variation in the residence time of fuel vapor transport is closely 
related to the variation in the flame dimension, burning rate, gas-phase density, and fuel 
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mass diffusion.  Increasing the initial droplet diameter increases the flame dimension but 
causes reductions in the burning rate.  The competition of these parameters affects the 
residence time of fuel vapor transport.  Variations in the ambient pressure also produce 
the variations in gas-phase density and burning rate (mostly related to sooting behavior), 
leading to changes in the residence time of fuel vapor transport.  Inert substitutions can 
modify the residence time of fuel vapor transport in more complex ways by affecting the 
burning rate, mass diffusivity and gas-phase density.  For example, the He environment is 
characterized by high burning rates compared to Ar and N2 environment (due to high 
values of thermal conductivity of He) and high rates of mass diffusivity.  Both of these 
parameters will reduce the residence times because they will increase the Stefan and mass 
diffusion velocities.  The Ar environment is characterized by lower burning rates 
compared to He (which reduces the Stefan velocity), higher gas-phase density (which 
reduces the Stefan velocity) and lower values of mass diffusivity (which reduces the mass 
diffusion velocity), thereby resulting in longer residence times. 
Figure 3.20 displays the fv max distributions plotted versus residence time and 
flame temperature for all experiments (including the experiments for which the pressure 
was held constant and the droplet diameter was varied and the experiments for which the 
droplet diameter was held constant and the pressure was varied) performed in the Ar and 
N2 inert environments (the He experiment was not plotted in order to demonstrate the 
clear trends in the variation of the soot volume fraction).  For the N2 experiments, the 
maximum soot volume fraction increased despite the reduction in the maximum flame 
temperature.  For the Ar experiments, the variation in the maximum flame temperature 
was very small (with a range from 2261 K to 2301 K).  The soot volume fraction increase, 
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however, was dramatic.  The data clearly shows that the fv max correlates very well with 
the residence time of fuel vapor transport (regardless of whether the increase in the 
residence time was caused by the larger droplet diameters or increased pressure).  For the 
experiments performed for ethanol droplets under microgravity conditions, the residence 
time for fuel vapor transport is an important factor causing the increase in the sooting 
behavior. 
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3.3 Sootshell Dynamics in Microgravity Conditions 
In microgravity droplet flames, soot particles form in the fuel-rich region where 
fuel pyrolysis reactions involve high-activation energy pyrolysis processes and thus 
maximum soot yield will likely occur near the flame (Yozgatligil et al., 2007).  Soot 
particles formed within the flame are acted upon by viscous drag (which is mainly caused 
by Stefan flow) and phoretic processes (which is defined as localization of driving forces 
near a particle suspended in a fluid; Solomentsev and Anderson, 1994), with 
thermophoresis (which is a mechanism through which the particle transport is caused by 
the temperature gradient in the surrounding gas phase) being the most dominant.  For 
thermophoretic transport (Friedlander, 1977), gas molecules on the flame front side of the 
soot have greater kinetic energy than gas molecules on the droplet surface due to the 
temperature gradient ranging from the droplet vaporization temperature (at the surface) to 
the flame temperature (at the flame front).  Therefore, gas molecules (on the flame front 
side) with higher kinetic energy compared to the gas molecules (on the droplet surface 
side) with lower kinetic energy will impart a greater net force on the soot, thereby 
transporting the soot particles from the higher temperature region to the lower 
temperature region. 
 There are also other phoretic transport mechanisms which can affect the transport 
of particles, namely photophoresis and diffusiophoresis.  Photophoresis is particle motion 
induced by a temperature gradient occurring in the solid-phase (in this case, temperature 
gradients within the soot particles) due to non-uniform absorption of radiant energy 
within the particle (Parea et al., 1999).  In this mechanism, the side of the soot particles 
which is facing the flame front experiences higher rates of irradiation from the flame 
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front compared to the side of the soot facing the droplet.  The other side of the soot, 
facing the droplet surface, will also experience irradiation from the flame but due to the 
distances involved in terms of the soot location with respect to the various locations of 
the flame front, the higher view angles will produce greater rates of irradiation and higher 
temperature and a thermal gradient.  Therefore, the gas molecules that collide with the 
higher temperature side of the soot particles will in turn impact the soot particles with 
greater force and thus transport in the direction away from the front.  Photophoresis was, 
however, found to be a much less important mechanism in the transport of soot 
agglomerates (change all soot particles to agglomerates) compared to thermophoresis 
(Manzello et al. 2004).  It was found that the photophoretic velocity represented only 1% 
of the thermophoretic velocity and decreased as the sootshell migrated towards the 
droplet.  Diffusiophoresis is a process through which particle transport is caused by the 
differences in gas-phase species concentrations.  The difference in the gas-phase species 
concentrations for which fuel concentration has the greatest magnitudes and variations 
within the envelope diffusion flame containing the soot agglomerates causes the 
difference in the number of molecular collisions resulting in the imbalance in the net 
force imparted on the soot agglomerates.  Since the gas-phase fuel concentration 
distribution ranges from near unity at the droplet surface to very low values (depending 
on the rate of reaction) near the flame front, diffusiophoresis will transport the particles 
towards the flame front and away from the droplet surface.  The influence of 
diffusiophoresis which can affect the balance of forces acting upon soot particles has not 
been included in previous analysis of sootshell formation (Jackson and Avedisian, 1992; 
Choi, 1993; Yozgatligil et al., 2007).  
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Jackson and Avedisian (1992) and Choi (1993) experimentally measured the 
sootshell location for the n-heptane droplet combustion in air at atmospheric pressure.  
They also compared the measured sootshell locations to the predicted values (defined as 
an equilibrium position where the Stefan and thermophoretic fluxes are counter-balanced).  
In both studies, the transient gas-phase temperature distributions were calculated using 
numerical models for the spherically-symmetric n-heptane combustion to predict the 
Stefan and thermophoretic fluxes.  The numerical models did not include explicit soot 
formation mechanisms and therefore the influence of the sooting/radiation behavior on 
the temperature distribution and the burning rate were not analyzed.  Therefore, the 
predicted sootshell locations were much larger than the measured values in both 
experiments.   
Yozgatligil et al. (2007) investigated the influence of inert substitutions (Ar, N2 
and He) on sootshell dynamics of ethanol microgravity flames by evaluating the Stefan 
and thermophoretic fluxes.  In their study, the use of the experimentally measured gas-
phase temperature distributions and flame sizes (determined by a thin filament pyrometry 
technique) were used to provide more accurate predictions of the sootshell location 
resulting in favorable comparisons with experiments.  The experimental results revealed 
that the Ar environment produced the smallest sootshell (due to higher thermophoretic 
flux and lower Stefan flux) and that the He environment produced the largest sootshell 
(due to lower thermophoretic flux and higher Stefan flux).   
Recently, Ben-Dor et al. (2003) performed a numerical analysis on the motion of 
soot particles in spherically-symmetric n-heptane droplet flames.  Their numerical model 
included radiative heat losses (from the soot aerosol), variable transport properties of 
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reactants and transient droplet surface temperature.  The calculations of sootshell location 
were performed with and without the influences of diffusiophoretic flux and were 
compared with the experimental results performed by Jackson and Avedisian (1992).  
The results indicate that the influences of diffusiophoretic flux must be included for 
accurate analysis of the transport mechanisms affecting soot agglomerates formed in 
spherically-symmetric droplet combustion.   
As part of this investigation, sootshell location was defined as the equilibrium 
position where the influences of Stefan and diffusiophoretic fluxes (which transport the 
soot particles away from the droplet) and the counteracting influences of thermophoretic 
flux (which transport the soot particles formed near the flame front toward the droplet) 
are counter-balanced.  The influences of Stefan and diffusiophoretic fluxes are calculated 
by evaluating the Stefan and fuel mass diffusion velocities:  
( )g r g S FU V Vρ = ρ +      (3.9) 
where ρg is the gas-phase densicty, Ur is the radial velocity, VS is the Stefan velcocity and 
VF is the fuel mass diffusion velocity. Ur was determined by calculating the sum of VS 
and VF that are defined in Eqns. 3.4 and 3.5 respectively.  The influences of 
themophoretic flux are calculated using the following description (Choi, 1993; 
Yozgatligil 2007): 
3
4(1 /8)t
dT
drV
T
− µ
ρ = + πα       (3.10) 
where µ is the viscosity, dT/dr is the temperature gradient of the gas-phase, T is the gas 
temperature, and α is the thermal accommodation factor (assigned a value of 0.9).  The 
temperature gradients were calculated based upon the gas temperature distributions (that 
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were experimentally determined by using the TFP technique).  The viscosity for each 
experimental condition (i.e. gas-phase temperature and ambient pressure) was obtained 
from the NIST chemistry webbook (NIST Standard Reference Database Number 69, June 
2005 Release). 
 
3.3.1 Influences of inert substitutions on sootshell dynamics  
As discussed in 3.2.4, inert substitutions significantly affect the burning rate 
(which affects Stefan flux), fuel mass diffusion (which affects diffusiophorectic flux), 
flame radius and flame temperature (which affect thermophoretic flux).  Therefore, 
variations in the forces acting upon soot particles are expected to produce changes in the 
sootshell location.  In order to quantify the influence of these variations on the sootshell 
location, comparisons of the measured soot standoff ratio (defined as the sootshell radius 
divided by the instantaneous droplet radius) of ethanol droplets burning in 30% O2 in He, 
N2 and Ar are shown in Figures 3.21 and 3.22.  For each inert environment, initial droplet 
diameters were varied from 1.6 to 2.2 mm (Figure 3.21) and ambient pressures were 
elevated from 1.6 atm to 2.4 atm (Figure 3.22).  The soot standoff ratios are very 
sensitive to the changes in the inert substitution as shown in the figures.  The Ar 
environment produced the smallest soot standoff ratio, while the He environment 
produced the largest soot standoff ratio.  The soot standoff ratio is 1.5 for 30% O2 in Ar 
case, 2.5 for 30% O2 in N2 case, and 3.2 for 30% O2 in He case. 
To accurately assess the influence of inert substitutions on sootshell dynamics, 
Stefan, diffusiophoretic, and thermophoretic fluxes were calculated for the 1.9 mm 
ethanol droplets burning in 30% O2 in He, N2 and Ar at 2.4 atm.   Figure 3.23 displays 
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the calculated viscous drag (induced by Stefan flux only and Stefan flux plus 
diffusiophoretic flux) as a function of non-dimensionalized radii.  The magnitude of 
Stefan flux is highest for the He case (due to the highest droplet burning rate as shown in 
table 3.3 whereas the Stefan fluxes for the Ar and N2 cases are very similar in magnitude 
due to similar values of droplet burning rate (See Table 3.3).   
 
Table 3.3 Measured droplet burning rates for all experimental conditions 
 K [mm2/s] 
1.6 mm 1.07 
1.9 mm 0.97 
2.2 mm 0.90 
1.6 atm 1.00 
2.0 atm 1.00 
30% O2 in He 
2.4 atm 0.98 
1.6 mm 0.61 
1.9 mm 0.57 
2.2 mm 0.53 
1.6 atm 0.61 
2.0 atm 0.59 
30% O2 in N2
 
2.4 atm 0.57 
1.6 mm 0.63 
1.9 mm 0.56 
2.2 mm 0.50 
1.6 atm 0.62 
2.0 atm 0.58 
30% O2 in Ar 
2.4 atm 0.56 
 
Figure 3.24 displays the calculated thermophoretic flux as a function of non-
dimensionalized radii for 1.9 mm ethanol droplets burning environments of 30% O2 in He, 
N2 and Ar at 2.4 atm.  The magnitude of thermophoretic flux is highest for the Ar case 
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whereas the thermophoretic flux for the He case is the lowest.  As shown in Eqn. 3.10, 
the gas-phase temperature gradient and viscosity are the most critical parameters for the 
evaluation of thermophoretic flux.  The Ar case produces the highest magnitudes of 
thermophoretic flux due to the highest flame temperature, coupled with the smallest 
flame standoff ratio (resulting in high temperature gradients) and the highest values in 
viscosity due to the high temperature (See Figure 3.25).  On the other hand, the He case 
produces the lowest magnitudes of thermophoretic flux due to the lowest flame 
temperature and the largest flame standoff ratio (resulting in low temperature gradients) 
and the lowest values in viscosity.  Calculating the net flux (which consists of Stefan, 
thermophoretic, and diffusiophoretic fluxes) enables the determination of the equilibrium 
position for the sootshell.  Figures 3.26a-b display the calculated net flux plotted versus 
non-dimensionalized radii for the 1.9 mm ethanol droplets burning in 30% O2 in He, N2 
and Ar at 2.4 atm environments.  The position where the net flux is equal to zero defines 
the location of the sootshell (See Figure 3.26b).  As shown in the figure, two separate 
locations exist where the net flux is equal to zero.  The first position is the location of the 
stable equilibrium (location #1) whereas the second position is the location of the 
unstable equilibrium (location #2).  The existence of two equilibrium positions was first 
discussed by Jackson and Avedisian (1992).  In the first equilibrium location, soot 
agglomerates on either side of that location will be transported towards the equilibrium 
location.  For example, if a soot particle is formed at location A, the influence of 
thermophoretic flux which has a larger magnitude than the combined Stefan and 
diffusiophoretic fluxes will transport the particles toward equilibrium location #1.  If 
particles are found in location B, the higher combined magnitudes of the Stefan and 
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diffusiophoretic fluxes compared to the thermophoretic flux, will transport the particles 
towards the equilibrium location #1.  For the unstable equilibrium location #2, soot 
particles on either side of this location will be transported away from the equilibrium 
location.  The calculated sootshell standoff ratio for He, N2 and Ar cases are 3.1, 2.3, and 
1.2, respectively.  These values are in excellent agreement with the experimentally-
measured values of 3.2, 2.5 and 1.4, respectively.  
The influence of Stefan flux on viscous drag is still more dominant than that of 
diffusiophoretic flux.  However, the results demonstrate that the diffusiophoretic flux is 
an important mechanism required for accurate calculation of soot agglomerate transport.  
It is found that the diffusiophoretic flux is responsible for approximately 20% of net 
viscous drag acting on soot particles.  For the 30% O2 in He case, the removal of the 
influence of diffusiophoretic flux results in a soot standoff ratio of 2.9 compared to a 
value of 3.1 when diffusiophoretic flux is included. 
 
3.3.2 Influences of initial droplet diameter and ambient pressure on sootshell 
dynamics 
 
Experimental results shown in Figures 3.21 and 3.22 clearly indicate that the 
variations in the initial droplet diameter as well as ambient pressure do not produce 
significant changes in the soot standoff ratios.  To reveal the influences of the initial 
droplet diameter and ambient pressure on sootshell dynamics, the Stefan, diffusiophoretic, 
and thermophoretic fluxes were calculated for ethanol droplets burning in 30% O2 in N2.  
Variations in the initial droplet diameter are expected to cause the changes in the flame 
size, affecting both the Stefan and diffusiophoretic fluxes (See Eqns. 3.4 and 3.5).  In 
Figure 3.27, the calculated sum of the Stefan and diffusiophoretic fluxes for the different 
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droplet sizes are plotted as a function of non-dimensionalized radii.  Reductions in the 
initial droplet diameter can increase both the Stefan and diffusiophoretic fluxes (as 
discussed in 3.2.4), resulting in increased viscous drag acting on soot particles formed 
within the flame.  As the initial droplet diameter is decreased, the higher thermophoretic 
flux (due to smaller flame dimension and near constant flame temperatures, See Figure 
3.28) will counter-balance the increase in thermophoretic and diffusiophoretic fluxes, 
resulting in little change in the soot standoff location.  Figure 3.29 displays the calculated 
temperature gradients as a function of non-dimensionalized radii for the 1.6 mm, 1.9 mm, 
and 2.2 mm cases.  It is clearly shown in this figure that the magnitude of the temperature 
gradient increases with a reduction in the initial droplet diameter.  Figures 3.30a-b 
display the net flux calculations to determine the location of the sootshell.  The predicted 
location of the sootshell with an average value of 2.3 is in excellent agreement with the 
average measured sootshell location of 2.5.  
For the cases in which the ambient pressures were varied from 1.6 to 2.4 atm, the 
sum of thermophoretic and diffusiophoretic fluxes were calculated for 1.9 mm ethanol 
droplets burning in environment of 30% O2 in N2 (See Figure 3.31).  As discussed in 
section 3.2.4, increases in the ambient pressure can significantly reduce both the Stefan 
and diffusiophoretic fluxes.  The gas phase density on the other hand will increase with 
increases in the ambient pressure.  As a result, the viscous drag acting upon soot particles 
(due to Stefan and diffusiophoretic fluxes) is nearly independent of the variations in the 
ambient pressure as shown in Figure 3.31.  Variations in the ambient pressure also did 
not produce a significant change in the flame temperature and flame size as discussed 
earlier, resulting in nearly constant thermophoretic flux for the three different cases (See 
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Figure 3.32).  Therefore, the calculated sootshell standoff ratio of 2.4 remained nearly 
constant between the cases despite the variation in the ambient pressure as displayed in 
Figures 3.33a-b.  The calculated sootshell standoff ratios are also in good agreement with 
the average measured value of 2.5.  
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3.4 Conclusions 
Experiments were performed to investigate the influence of initial droplet 
diameter, ambient pressure and inert substitution on the sooting behavior of spherically-
symmetric ethanol droplet flames.  The experimental measurements demonstrate that 
ethanol droplets burning in Ar inert environments produced the highest soot volume 
fraction, followed by N2 inert environments, and He inert environments which produced 
the lowest soot volume fraction.  For each of the inert cases, the flame temperature, the 
soot standoff ratio, and the flame standoff ratio were only weakly affected by changes in 
the initial droplet diameter and ambient pressure.  However, significant increases in the 
soot volume fraction were observed as the initial droplet diameter or ambient pressure 
was increased.  The variations in sooting behavior cannot be explained based solely on 
the attendant changes in the flame temperature.  The coupled analysis of the flame 
temperature, residence times for fuel vapor transport and soot precursor production 
provides correlation with the observed variations in sooting in microgravity droplet 
flames.  These experiments have developed new understanding of the burning and 
sooting behaviors of the influence of initial droplet diameter and inert substitution on 
ethanol droplet flames in microgravity conditions.  
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3.5 Figures 
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Figure 3.1 Ethanol droplets burning in environments of 30% O2 in He, N2, and Ar at 
2.4 atm (Initial droplet diameters were varied from 1.6 mm to 2.2 mm) 
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Figure 3.2  1.9 mm ethanol droplets burning in environments of 30% O2 in He, N2, 
and Ar (Ambient pressures were elevated from 1.6 atm to 2.4 atm) 
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Figure 3.3  Measured burning rates plotted versus square of the initial droplet 
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Figure 3.4 Measured burning rates plotted versus the ambient pressure 
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Figure 3.5 Radiative emission measurements in microgravity droplet flame 
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(a) Ethanol droplets burning in 30% O2 in Ar 
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(b) Ethanol droplets burning in 30% O2 in He 
 
Figure 3.6 Radiative heat loss fraction as a function of time (Initial droplet diameters 
were varied from 1.6 mm to 2.2 mm) 
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(a) Ethanol droplets burning in 30% O2 in Ar 
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(b) Ethanol droplets burning in 30% O2 in He 
 
Figure 3.7 Radiative heat loss fraction as a function of time (Ambient pressures were 
elevated from 1.6 atm to 2.4 atm) 
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Figure 3.8 Calculated binary diffusion coefficient diffusion coefficient for OH species 
in the Ar environment as a function of non-dimensionalized radii for 1.9 
mm ethanol droplets burning (Ambient pressures were elevated from 1.6 
atm to 2.4 atm) 
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Figure 3.9 Soot volume fraction distributions for 1.9 mm ethanol droplet burning in 
30% O2 in Ar at 2.4 atm 
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Figure 3.10 Maximum soot volume fractions plotted versus square of the initial droplet 
diameter for ethanol droplets burning in 30% O2 in He, N2, and Ar 
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Figure 3.11 Maximum soot volume fractions plotted versus the ambient pressure for 
ethanol droplets burning in 30% O2 in He, N2, and Ar 
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Figure 3.12 Measured temperature distributions plotted versus non-dimensionalized 
radii for 1.9 mm initial diameter ethanol droplets burning in environments 
of 30% O2 in He, N2, and Ar 
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Figure 3.3  Measured temperature distributions plotted versus non-dimensionalized 
radii for ethanol droplets burning in 30% O2 in Ar environment (Initial 
droplet diameters were varied from 1.6 mm to 2.2 mm) 
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Figure 3.14 Measured temperature distributions plotted versus non-dimensionalized 
radii for ethanol droplets burning in 30% O2 in Ar environments (the 
ambient pressure elevated from 1.6 atm to 2.4 atm) 
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Figure 3.15 Stefan and fuel mass diffusion velocities plotted versus non-
dimensionalized radii for 1.9 mm initial diameter ethanol droplets burning 
in environments of 30% O2 in He, N2, and Ar  
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Figure 3.16 Stefan and fuel mass diffusion velocities plotted versus non-
dimensionalized radii for ethanol droplets burning in environments of 30% 
O2 in Ar at 2.4 atm (Initial droplet diameters were varied from 1.6 mm to 
2.2 mm) 
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Figure 3.17 Stefan and fuel mass diffusion velocities plotted versus non-
dimensionalized radii for 1.9 mm initial diameter ethanol droplets burning 
in environments of 30% O2 in Ar (the ambient pressure elevated from 1.6 
atm to 2.4 atm) 
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Figure 3.18 Fuel vapor transport residence times as a function of square of the initial 
droplet 
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Figure 3.19 Fuel vapor transport residence times as a function of ambient pressure 
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Figure 3.20 Maximum soot volume fraction distributions vs. residence time vs. 
maximum flame temperature 
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Figure 3.21 Soot standoff ratio of ethanol droplets burning in environments of 30% O2 
in He, N2, and Ar (Initial droplet diameters were varied from 1.6 mm to 
2.2 mm) 
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Figure 3.22 Soot standoff ratio of ethanol droplets burning in environments of 30% O2 
in N2 and Ar (Ambient pressures were elevated from 1.6 atm to 2.4 atm) 
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Figure 3.23 Viscous drag acting on soot particles produced from 1.9 mm ethanol 
droplets burning in environment of 30% O2 in He, N2 and Ar at 2.4 atm 
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Figure 3.24 Thermophoretic flux for 1.9 mm ethanol droplet burning in environment of 
30% O2 in He, N2 and Ar at 2.4 atm 
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Figure 3.25 Viscosity variations as a function of temperature (Data from the NIST 
Standard Reference Database 69, June 2005 Release: NIST Chemistry 
Webbook) 
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(a) Calculated net flux vs. non-dimensionalized radii 
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(b) Enlarged view of subset area in Figure 3.26a 
 
 
Figure 3.26  Net fluxes acting on soot particles produced from 1.9 mm ethanol droplet 
burning in environment of 30% O2 in He, N2, and Ar at 2.4 atm 
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Figure 3.27 Viscous drag acting on soot particles produced from the ethanol droplets 
burning in 30% O2 in N2 at 2.4 atm (Initial droplet diameters were varied 
from 1.6 mm to 2.2 mm) 
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Figure 3.28 Thermophoretic flux for the ethanol droplet burning in 30% O2 in N2 at 2.4 
atm (Initial droplet diameters were varied from 1.6 mm to 2.2 mm) 
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Figure 3.29 Normalized temperature gradient distributions as a function of non-
dimensionalized radii for the ethanol droplet burning in 30% O2 in N2 at 
2.4 atm (Initial droplet diameters were varied from 1.6 mm to 2.2 mm) 
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(a) Calculated net flux vs. non-dimensionalized radii 
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(b) Enlarged view of subset area in Figure 3.30a 
 
 
 
Figure 3.30 Net fluxes acting on soot particles produced from ethanol droplets burning 
in 30% O2 in N2 at 2.4 atm (Initial droplet diameters were varied from 1.6 
mm to 2.2 mm) 
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Figure 3.31 Viscous drag acting on soot particles produced from 1.9 mm ethanol 
droplets burning in 30% O2 in N2 (Ambient pressures were elevated from 
1.6 atm to 2.4 atm) 
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Figure 3.32 Thermophoretic flux for 1.9 mm ethanol droplets burning in 30% O2 in N2 
(Ambient pressures were elevated from 1.6 atm to 2.4 atm) 
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(a) Calculated net flux vs. non-dimensionalized radii 
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(b) Enlarged view of subset area in Figure 3.33a 
 
 
Figure 3.33 Net fluxes acting on soot particles produced from 1.9 mm ethanol droplets 
burning in 30% O2 in N2 (Ambient pressures were elevated from 1.6 atm 
to 2.4 atm) 
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CHAPTER 4: Soot Nanostructure  
 
4.1 Introduction 
Combustion-generated particulates have many potential uses in manufacturing, 
biomedical, and electronic industries.  For example, carbon black, one of the most common 
combustion products for industrial applications, is a form of amorphous carbon.  The 
primary applications for carbon black include a variety of industrial products such as 
printing toner, tires, asphalt, etc.  The unique properties of Carbon Nanotubes (CNT) enable 
high field emission that can be used for the development of ultra-high resolution electronic 
displays (Li et al, 2005; Chiu et al., 2006).  The extremely high surface area to volume that 
is enabled through Carbon Nanofibers (CNF) has important applications for the biosensor 
community for filtration and detection of chemical and biological agents (Kang et al., 
2006).  The combustion process and the resulting particulates can be designed to exhibit 
numerous functional applications with appropriate mechanical, optical, chemical, and 
electrical properties.  These properties are related to the state of carbon nanostructure such 
as the graphitic order of the carbon structure, shape, size, and orientation.  For example, 
fullerenes (C60), CNF, and multi-wall carbon nanotubes (MWCNT) display carbon 
nanostructures in terms of graphene layers that are similar to graphite.  One of the primary 
differences is that the aforementioned particulates also contain pentagonal rings which 
prevent the graphene layers from being planar as in graphite.  Such functional carbonaceous 
particles can be produced using a variety of techniques in lab scale techniques including 
flame synthesis, chemical vapor deposition, and laser vaporization synthesis.  Among those 
techniques, however, flame synthesis is the method that promises the fastest production 
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rates, lowest costs, and facile scalability (Mckinnon et al., 1992; Hammida et al., 1998).  
There are now many companies, such as Unidym and Catalytic Materials LLC that produce 
high-quality CNT and CNF for research and industrial uses and have leveraged the positive 
benefits of using combustion processes to generate and collect particulates for use in 
various industries. 
Although, there are many beneficial uses of the particulates generated through flame 
synthesis, there are many compelling reasons for combustion engineers to minimize 
production and attendant emission of particulates from combustion processes.  Combustion 
processes are major sources of small (2.5 µm ~ 10 µm) carbonaceous particles that have 
tremendous impacts to public health and environmental considerations.  Numerous 
epidemiological studies have revealed that long-term exposures to combustion-related 
carbonaceous particulates (i.e., soot and smoke) are associated with a host of severe health 
ailments such as heart attacks, strokes, cardiovascular diseases (Peters et al., 2001), and 
lung cancer (Pope et al., 2002).  The translocation of inhaled carbonaceous particulates in 
an organism is found to occur much faster and proceed much deeper compared to that of 
other organic particulates owing to the higher probability for carbon aggregates to break 
into smaller particles in the lung epithelium, causing lung cancer (Morawska et al., 1998; 
Pope et al., 2002; Daigle et al., 2003).  Moreover, the nano-sized particles can diffuse into 
the bloodstream via the active transport of particle-protein complexes and travel through 
pulmonary and hepatic arteries from the capillaries to the heart.  During this transport, 
condensates on nanoparticles (PAHs such as benzo(a)pyrene and fluoranthene which are 
known carcinogens) can diffuse in the bloodstream and alter the viscosity and coagulation 
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ability of blood, resulting in cardiovascular disorders (Peters et al, 2001; Lipmann et al., 
2003).  Needless to say, the carcinogenic properties of the condensates of the soot can also 
have severe long-term detriments to human health.  The ability of soot particles formed 
through combustion to be transported in the atmosphere and the translocation through the 
human pulmonary system will depend on the physical properties including the primary 
particle size and aggregate dimensions.  Furthermore, the nanostructure of soot including 
the graphitic to amorphous ratio and the inter-layer fringe lengths can provide important 
information regarding the time-temperature histories experienced by the soot, thus the 
maturity of the soot and the impact to human health. 
Recent investigations by NASA using satellite data and computer simulations 
demonstrate that increases in the melting of snow and ice at the Arctic are attributed to soot 
deposited on snow and ice surfaces (Hansen and Nazarenko, 2004).  Soot deposited on 
snow and ice surfaces darkens the normally highly-reflective surfaces, thereby lowering the 
albedo (which is defined as the ratio of reflected to incident radiation intensities).  As a 
result, the snow and ice surface absorb more heat compared to the uncoated reflective 
surface, leading to increased temperatures and a higher rate of melting.  For example, an 
albedo change of 1.5% at the Arctic can produce a thinning of the ice layer by 
approximately one meter (Hansen and Nazarenko, 2004).  Furthermore, the numerical study 
performed by Jacobson (2001) ranked soot second only to carbon dioxide (CO2) in overall 
global warming impacts.  Soot dispersed into the atmosphere absorbs solar irradiation 
which increases the temperature of the soot aerosol and re-emits radiation towards the earth, 
resulting in the heating of the earth’s surface.  These results also suggest that the influence 
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of soot particles on climate is strongly dependant upon their optical properties such as 
absorptive and scattering properties.  Previous investigations (Shaddix et al., 2005; Kis et 
al., 2006) indicate that the characterization of the soot nanostructure can lead to a better 
interpretation of the optical properties of soot.  For example, in pure graphite, three of the 
valence electrons are found in the sp2 orbital (which consists of one s-orbital and two p-
orbitals) and the fourth valence electron is found in the π-orbital as shown in Figure 4.1.  
Because the energy levels of the π electrons are very closely spaced, the material can 
absorb radiation across a broad spectrum to induce transitions (Bond and Bergstrom, 2006).  
Unlike pure graphite, combustion-generated soot contains both sp3 bonds (which have no π-
electrons) in addition to sp2 bonds, thereby reducing the absorptive properties across a 
broad spectrum due to less number of π-electrons (Bond and Bergstrom, 2006).  The time-
temperature histories experienced by the soot particles will determine the graphitic to 
amorphous carbon ratio and thus the optical behavior.  
It is also well known that the soot oxidation rate is highly dependent upon the soot 
nanostructure (Vander Wal and Tomasek, 2003; Boehman et al., 2005).  Particulates that 
display a higher degree of graphitization will be less reactive toward oxidation due to the 
number of carbon atoms at the basal plane.  The graphitic soot nanostructure (which 
represents a higher degree of graphitization) contains more carbon atoms at the basal plane 
compared to amorphous soot nanostructure.  The carbon atoms at the basal plane 
surrounded by other carbon atoms at the edge sites exhibit a far lower reactivity toward 
oxidation compared to those at the edge sites (Vander Wal et al., 2004) and thus make the 
graphitic soot nanostructure less reactive toward oxidation.      Previous studies using gas-
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jet (ethylene) diffusion flames in normal gravity (Shaddix et al., 2005; Stasio and Braun, 
2006) demonstrate that the variations in temperature, chemical environment, and residence 
time are important in determining the soot nanostructure and its variations.   In these studies, 
an increase in degree of graphitization is attributed to the longer residence time and thermal 
annealing which dominates the graphitization process at the edge sites of soot (See Figure 
4.2).  However, it is also difficult to decouple the influences of flame temperature on the 
soot nanostructure from that of residence time for the diffusion flame experiments 
performed in normal gravity since both the temperatures and residence times vary 
significantly as a function of flame height.  Furthermore, the control of residence times in 
normal gravity gas-jet diffusion flames is limited in range due to the influence of buoyancy 
(See Figure 4.3).   
 For gas-jet diffusion flames, buoyancy-driven velocity can be expressed as:  
2
f
b
Tgr
V
D
β∆=       (4.1) 
where Vb is the buoyancy-driven velocity, β is the thermal expansion coefficient, ∆T is the 
temperature change, g is the gravitational acceleration, rf is the flame radius, and D is the 
diffusivity of fuel.  Since the buoyancy-driven velocity is much greater than fuel molecular 
velocity for gas-jet diffusion flames in the normal gravity condition, the residence time for 
this flame geometry is governed by the buoyancy-driven velocity (Glassman, 1995).   In 
Eqn. 4.1, both β and D are strongly dependent upon the variations in flame temperature.  
Therefore, the variations in flame temperature as a function of height will be an important 
parameter to determine the residence time for this flame geometry.  The flame temperature 
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for this flame geometry was found to initially increase and then decrease with flame height 
(Shaddix et al., 2005).  Even though the flame temperature varies significantly as a function 
of height, Vb is expected to decrease as a function of height since D scales with T1.67 
(Glassman, 1995) and β is inversely proportional to T (Incropera and DeWitt, 2002).  As a 
result, reductions in Vb eventually cause the residence time to increase with height.  
However, such buoyancy-controlled situation produces a short residence time of soot 
particles compared to the momentum-controlled situation such as microgravity conditions 
(Glassman, 1998).  For example, the maximum residence times that can be achieved in 
buoyancy-controlled environments are approximately 50 ms (Koylu and Faeth, 1991).   
In microgravity droplet flames, on the other hand, the residence time of the soot 
particles can be varied over a wide range (up to 170 ms in the case of this study).  As 
discussed in Chapter 3, the residence time in this unique flame geometry can be determined 
by considering the radial gas velocity associated with Stefan flux and fuel mass diffusion 
(See Figure 4.4).  By controlling the parameters such as the initial droplet diameter and 
flame temperature (by means of inert substitutions), one can control the residence time.  
Therefore, the use of microgravity droplet combustion experiments provides a unique 
opportunity to examine the influence of temperature and residence time on the soot 
nanostructure.  In this chapter, thermophoretic soot sampling experiments were performed 
to collect the soot and to analyze the physical characteristics and nanostructure using high 
resolution transmission electron microscopy (HRTEM).  An accurate and non-subjective 
method of nanostructure analysis based on digital image processing was developed and 
implemented in this work. 
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4.2 Soot Formation Mechanisms 
A detailed analysis of the nanostructure of soot particles must be preceded by an 
examination of soot formation processes that lead to the different structural properties.  
Soot formation process includes complex chemical and physical pathways that are still not 
fully understood.  Although several theories (Haynes and Wagner, 1981) have been 
proposed to explain this process, the dominant theory at present supported by numerous 
experimental and numerical studies is that soot particles are formed via polycyclic aromatic 
hydrocarbons (PAH).  Figure 4.5 displays the reaction pathway leading to soot formation 
sequentially through  (1) formation of aromatic rings and their growth (2) soot particle 
inception, (3) soot surface growth by growth spices such as C2H2 (4) coalescent coagulation 
to form larger particles, and finally (5) agglomeration of the primary particles to form 
chain-like aggregates (Bockhorn, 1994).  Regardless of the type of flames and the initial 
fuels involved, the hydrocarbon fuel undergoes either pure or oxidative pyrolysis 
(Glassman, 1995) that produces a large amount of pyrolysis products such as small 
hydrocarbon radicals and aliphatics, such as CH4 and C2H2.  This leads to the first critical 
step for the soot formation process: the formation of aromatic ring from such aliphatics.  
The first aromatic ring can be formed as a result of C2H2 attack on the n-C4H3 radical or the 
n-C4H5 radical (Frenklach and Wang, 1991) (See Figure 4.6): 
4 3 2 2n-C H  + C H phenyl→        (4.1) 
4 5 2 2n-C H  + C H benzene + H→      (4.2) 
Reaction (4.1) represents the pathway for the higher temperature reaction while reaction 
(4.2) plays the role for the lower temperature reaction.  Benzene can be converted to a 
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phenyl radical by H-abstraction or vice versa.   
The growth of aromatics (which will lead to larger PAHs) can occur through a H-
abstraction-C2H2-addtion, known as HACA, and polymerization process (Frenklach, 2002).    
The HACA concept was first introduced by Frenklach and Wang (1991):   
i i-A  H  A  + H2+ →      (4.3) 
i- 2 2 i 2 2A  C H   A C H+ →      (4.4) 
i 2 2 2 2 i+1A C H  C H   A + H+ →     (4.5) 
where Ai is the aromatic molecule with i peri-condensed rings and Ai- is a radical.  Three 
major steps in the HACA mechanism for sequential molecular growth includes H atom 
abstraction (Eqn. 4.3) followed by gaseous C2H2 addition to the radical site (Eqn. 4.4) 
(which results in molecular growth, and cyclization of PAH) as shown in Figure 4.7.   Also, 
the HACA sequence can produce a five-member ring which induces non-planar aromatic 
structures.  Obviously, C2H2 is not the only species which promotes the growth of aromatic 
rings.   High-order aromatic rings can be produced by replicating the HACA reaction as 
shown in Figure 4.8.  For this reaction process, two aromatic rings are combined, forming 
biphenyl ― through a polymerization process.  The molecular growth of aromatic rings 
then continues via C2H2 addition, resulting in lager and larger PAHs.   
When the molecular weight of PAH reaches a critical range, the transition of gas-
phase species to solid particles (i.e., soot particle inception) occurs.  It is known that this 
transition takes place at a molecular weight of 300 ~ 700 amu (Frenklach and Ebert, 1998).  
PAHs with this molecular weight physically begin to condense into liquid-like (or tar-like) 
particles (Hwang, 2004).  Alternatively, the PAH monomers begin to coagulate with each 
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other through collisions and thus form PAH dimers.  PAH dimers again collide with other 
PAH molecules, forming PAH trimers and so on.  Consequently, these PAH clusters 
carbonize into solid particles as they increase in molecular weight (Frenklach, 2002).   
Compared to the mass of the soot particles achieved during the soot inception 
period, a significant mass growth of soot particles is obtained through the surface growth 
process followed by soot inception (Prado et al., 1981).  The HACA reaction sequence can 
be extended to describe the surface growth process.  The soot surface growth is assumed to 
be due to chemical reactions through the HACA mechanism that take place on the surface 
of soot particles (Frenklach, 2002).  On the surface of soot particles covered with C-H 
bonds, the abstraction of H atoms activates the surface sites, forming surface radicals.  
Therefore, the active surfaces react more with incoming gaseous hydrocarbon species and 
thus the surface growth process propagates.  
Soot inception and surface growth stages have a great importance in interpreting the 
nanostructure of soot since it represents the greatest mass growth of particles takes place at 
these stages.  For example, if low temperature-enabled pyrolysis reaction has been 
dominated at these stages, the reaction pathway for PAH growth would be preferred 
because the fragmentation of chemical bonds is inhibited (Frenklach, 2002; Vander Wal 
and Tomasek, 2004).   This will result in large PAHs as a result of collision with different 
gaseous species, forming the amorphous nanostructures in the inner core of soot particles.  
In contrast, high temperature reactions follow an alternative pathway in which PAH 
decomposes into smaller species such as C2H2 at these stages (Frenklach, 2002; Vander 
Wal and Tomasek, 2004).  Furthermore, higher temperatures will activate more surface 
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sites due to removal of activation energy barriers, enabling more HACA reactions (which 
eventually result in the carbon mass growth at the surface site).  This will lead to 
prevalence of more graphitic nanostructures at the inner core of soot particles. 
After soot inception, collisions with other young soot particles lead to larger particles.  
When soot particles become mature (i.e., when the graphitization process is decreased due 
to the reduction in the number of active sites on the soot particles for surface mass growth), 
those particles begin simply to stick to each other producing chain-like aggregates that 
contain 30 -1800 primary particles (Haynes and Wagner, 1981).  These stages are classified 
as coalescent growth and agglomeration, respectively.  The chain-like aggregates have been 
analyzed in terms of fractal geometry (Jullien and Botet, 1987; Koylu et al., 1995).  Using 
fractal geometry analysis, the number of primary particles, N, comprising an agglomerate 
and soot dimensions are related by the following description (Jullien and Botet, 1987):  
fD
g
f
p
R
N k
d
⎛ ⎞= ⎜ ⎟⎜ ⎟⎝ ⎠      (4.6) 
where Df is the fractal dimension, Rg is the radius of gyration, dp is the primary particle 
diameter, and kf is the prefactor term.  The measurements of Df and kf can provide important 
insights regarding the agglomerate growth mechanisms (Megaridis and Dobbins, 1990; 
Guvenc et al., 2001). 
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4.3 Soot Nanostructure 
It is well known that carbonaceous materials such as graphite, soot, coal, coke and 
char possess similar structural characteristics in terms of the prevalence of carbon in its 
molecular composition.  Within carbonaceous materials, each carbon atom is tightly 
bonded to three neighbors and is hexagonally arranged within a basal plane (a-b 
direction) forming a single graphene layer as shown in Figure 4.9.  The size of each 
graphene layer is equal to that of the carbon lamella (which will be also referred to as 
fringes in this study).  The graphitic structure in carbonaceous materials typically known 
as “turbostratic structure” represents the group of graphene layer stacked with respect to 
each other along the c-axis.   Graphite consists of planar graphene layers with a stacking 
length (i.e., interlayer space) of 0.35 nm along the c-axis.   Coke is partially graphitized 
carbon structure created by heating coal, while char is formed from solid precursors that 
remains through the carbonization process (Winter, 1983).  On a molecular basis, char is 
less readily convertible to the graphite structure than coke since it has a high degree of 
cross-linking that prevents the graphitization upon exposure to high temperature. 
For flame-generated particulates, namely soot, the characteristics of the carbon 
lamellas have been referred to as the soot nanostructure due to its properties that are 
observed in the nanoscale (Vander Wal and Tomasek, 2004).  Categorization of the 
physical dimensions of the soot will include the measurement of the mean value of the 
diameter of the primary particles that constitute the soot aggregate (See Figure 4.10).  
Mean values of the primary particle diameter range from 10 nm to 50 nm (Koylu et al., 
1995; Sorensen et al., 1998).  The mean values of the radius of gyration of the soot 
aggregate can range from several hundred to several thousand nanometers (Koylu et al., 
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1995).  Imaging of the soot primary particles and soot aggregates can be performed using 
conventional transmission electron microscopes that provide magnifications in the 
10,000X to 100,000X.  Choi and coworkers have developed a non-subjective image 
processing method to measure the primary particle and radius of gyration for a variety of 
soot from normal gravity and microgravity hydrocarbon flames (Zhu et al., 2002; 
Manzello and Choi, 2001). 
Historically, there have been different methods to investigate the state of carbon 
nanostructure such as Raman spectroscopy, diffraction techniques, and high resolution 
transmission electron microscopy (HRTEM) analysis.  Raman spectroscopy provides 
qualitative information regarding the amorphous versus graphitic content of carbon based 
on the spectral variation of the scattering intensity from the sample.  For carbon-based 
material, there are two prominent scattering peaks, defined by the D peak and G peak.   
The G peak (1595 cm-1) is related to the carbon-carbon stretching vibrations while the D 
peak (1347 cm-1) is attributed to the poly-aromatic ring vibrations (Popovitcheva et al., 
2000).  Raman scattering from carbon-based material is a resonant process through which 
energy band gap (0 ~ 0.5 eV) matches the excitation energy (Ferrari and Robertson, 
2001).  Therefore, the variations of incident wavelength of the Raman system do not 
result in the changes in peak resonant spectrum.  The analysis of the peak intensity ratio, 
ID/IG, also enables the prediction of the graphene layer dimension of the nanostructure 
using the following empirical correlation (Escribano et al., 2001): 
1D
G a
I C
I L
=                                                                (4.1) 
where ID is the intensity of D peak, IG is the intensity of G peak, C is an empirical 
constant that is approximately 4.4 nm, and La is the in-plane carbon layer dimension.  
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While the graphene layer dimension from Raman spectroscopy provides useful 
information, there is other soot nanostructure information that is required for a 
comprehensive analysis.  Important carbon nanostructure properties such as overall 
degree of graphitization and mean carbon lamella length cannot be analyzed using Raman 
Spectroscopy.  There are other techniques based on diffraction analysis such as X-ray 
diffraction (XRD) and electron beam diffraction (ED) that have been used as effective 
instruments for measuring carbon lamella structures.  Even though diffraction methods 
provide reliable information for characterization of the carbon nanostructure, particularly 
the distance between stacked carbon lamellas, their uses are still limited.  For example, 
ED is sensitive to variations in the crystal structure such as small degrees of short range 
ordering in the carbon material.  Therefore, ED availability is limited to the examination 
of localized sample analysis.  In contrast, XRD provides an overall measure of carbon 
nanostructure.  From diffraction peak widths, a mean carbon lamella size and 
distributions can only be estimated using XRD.  
There is an important aspect of carbon nanostructure namely, curvature of the 
carbon lamella, that cannot be measured using either Raman spectroscopy or 
conventional diffraction methods.  Curvature of carbon lamella is a very important 
characteristic of carbon nanostructure that can distinguish the presence of five-member 
carbon rings on the basal plane as opposed to the more conventional six-member rings.  
These curvatures can be clearly identified from HRTEM images of carbonaceous 
materials.  In addition to the curvature, other quantities such as carbon lamella length and 
orientation can also be measured from the HRTEM images.  For these reasons, the 
analysis of HRTEM images has become a preferred method for characterizing the 
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nanostructure for carbonaceous materials for it enables the measurement of the fringe 
spacing, lamella curvature, length, and orientation. 
It is generally accepted that the curvature of the carbon lamella (thus, the presence 
of 5-member carbon rings) is higher for amorphous carbon compared to graphitic carbon.  
The primary reason for the higher curvature for amorphous carbon is related to the 
introduction of sp3 hybridization to sp2 carbon framework.  In a previous study by Vander 
Wal and Tomasek (2004), it was reported that the carbon lamella curvature and length 
can be correlated with changes in the temperature and time history.   
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4.4 Image processing techniques 
4.4.1 Fringe analysis algorithm  
Although the analysis of HTREM images can provide the useful interpretations of 
soot nanostructure, they are strongly dependent upon visual observations that preclude 
quantitative measures or comparisons.  For a more quantitative interpretation, soot 
nanostructure has been alternatively analyzed by measuring the structural characteristics 
of carbon lamellas such as the length and degree of curvature (Palotas et al., 1996; Shim 
et al., 2000; Goel et al., 2002; Vander Wal and Tomasek, 2004).  Since the carbon 
lamellas appear as fringes in the HRTEM images, a fringe analysis based upon computer-
aided image processing techniques has been used as a powerful tool to interpret the 
nanostructure of combustion generated soot (Shim et al, 2000; Vander Wal and Mueller, 
2006).    A major challenge for the fringe analysis is related to the conversion of complex 
carbon lamella structures into a set of distinguishable fringes.  Previous studies (Shim et 
al., 2000; Vander Wal et al., 2003) shed light on the detailed image processing 
techniques for the fringe analysis that provide reproducible and identifiable fringe 
structure.    In this study, a fringe analysis algorithm which operates using Matrox 
Inspector 4.1® macro script was developed using the model of Shim et al. (2000) and  
Vander Wal et al.(2004) (See Figure 4.11).    
To transform the complex internal carbon lamella structures of soot into a set of 
distinct fringe structures, the fringe analysis algorithm includes the following major steps: 
(1) pre-processing (2) extracting the carbon fringes (3) skeletonization of extracted 
fringes and (4) post-processing.  The pre-processing procedure includes the correction of 
uneven background illumination (that is common in the HRTEM imaging) and spatial 
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filtering for noise reduction.  The correction of uneven illumination in background across 
the HRTEM images was performed by offsetting the background and then the spatial 
filter was applied to reduce the image noises.   
The identification of meaningful fringes is one of the critical steps for the fringe 
analysis.  For the fringe identification process, an edge-enhanced filter was first used to 
accentuate the fringe features.  Accentuated fringes are then extracted by setting an 
appropriate threshold value that gives the maximum number of identified fringes (Palotas 
et al., 1996).  For an 8-bit image (the resolution used for all HRTEM imaging in this 
study), the threshold value is varied from 0 (i.e., black) to 255 (i.e., white).  In this study, 
the threshold value that produces the maximum number of identified fringes was found to 
range from 121 to 135 in most cases.  Based upon the image processing techniques 
discussed above, binary fringe images are extracted from the selected region of interest 
(ROI) in the HRTEM image of soot sampled from ethanol droplet burning in 30% O2 in 
N2 and are displayed in Figure 4.12.   
Extracted fringes are further processed by performing a “thinning” operation on 
the periphery of each fringe until they are reduced to one-pixel in width – a process also 
known as skeletonization of extracted fringes.  During the thinning operation, a 3×3 pixel 
neighborhood mapping was applied to inspect the neighboring pixels for fringe 
connectivity.  In general, each pixel has a 4 or 8 connected lattice in the 3×3 pixel 
neighborhood mapping.  As shown in Figure 4.13a, a 4-connected lattice method 
considers adjacent pixels along the vertical and horizontal axes as in contact.  An 8-
connected lattice method considers pixels along the horizontal, vertical and diagonal axes 
as in contact (See Figure 4.13b).  In this study, the 8-connected lattice method was 
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applied so that skeletonized fringes with diagonally adjacent pixels were considered as a 
continuous structure.  
Skeletonized fringes may be bisected as a result of filtering and thresholding 
processes.  Therefore, the fringe analysis algorithm includes the post-processing 
procedure to recover the artificially bisected fringes.  The neighborhoods of each fringe 
end (within the N×N pixel specified by user-defined parameters) are first scanned (See 
Figure 4.14a).   Two ends of each fringe whose orientation angle (within ± 30°) is similar 
are then reconnected and thereafter considered as one fringe (See Figure 4.14b).  Finally, 
all fringes that are less than 0.25 nm were removed since this dimension is the size of a 
single aromatic ring and therefore cannot be construed as a fringe (Galvez et al., 2002).  
The skeletonized fringe image (after the post-processing treatment) for the extracted 
fringe image shown in Figure 4.12 is displayed in Figure 4.15a.  Figure 4.15b displays 
the reproduced skeletonized fringe image in which fringes in contact with the ROI 
boundary are eliminated. 
 
4.4.2 Structural parameters for fringe analysis 
In this study, the structural characteristics of a fringe are represented in terms of 
the fringe length and tortuosity.  Fringe length, Lf, was basically calculated by counting 
the total number of pixels which consists of each skeletonized fringe.  For fringes having 
a diagonally connected lattice, the fringe length was considered as the diagonal length of 
the square with dimension of 1 pixel by 1 pixel, 2 .  Finally, the fringe length calculated 
in pixels was converted into the length in nm by using the scale factor, nm/pixel (that is 
obtained from the scale bar in the HRTEM image). 
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Tortuosity, fT, is a parameter that defines the degree of curvature of each 
skeletonized fringe.  In this study, tortuosity is defined as (Shim et al., 2000): 
2 2
f
T
L
f
X Y
= +       (4.2) 
where Lf is the length of a fringe within a rectangular box (that encompasses the 
individual fringe), X is the height of the box, and Y is the width of the box (See Figure 
4.16).   Tortuosity with a value of one represents a straight fringe. 
In previous studies (Palotas et al., 1996; Shim et al., 2000; Vander Wal and 
Tomasek, 2004), the fringes in contact with the ROI boundary were included in the fringe 
analysis.  This can lead to errors since these contacts are artificial.  In this study, this 
practice was eliminated by removing the analysis of the fringes in contact with the ROI 
boundary.  To investigate the effects of incorporation of fringes touching the ROI 
boundary on the fringe analysis, comparisons between two cases: a) case I: inclusion of 
fringes touching ROI boundary b) case II: exclusion of fringes in contact with ROI 
boundary were made for the HRTEM image shown in Figure 4.17.  The effect of 
removing the contact with the ROI on the measured fringe length and tortuosity will be 
dependent on the size of the ROI.   Therefore, the average fringe length and tortuosity 
within three different ROI sizes (See Figure 4.17) were measured to elucidate the 
influence of the ROI size on fringe length and tortuosity between the cases.  Figures 
4.18a-b display the calculated average fringe length and tortuosity as a function of the 
ROI size.  As shown in the figures, the smaller the ROI is, the larger the difference in the 
calculated average fringe length and tortuosity is between the cases.   By choosing a 
larger ROI, the variations in the average fringe length and tortuosity between two cases 
can be made to be minimal as summarized in Table 4.1.   
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Table 4.1 Comparison of structural parameters between cases I and II 
 Case I Case II 
Number of fringes 315 284 
Average Lf [nm] 1.11 1.08 
Average fT 1.22 1.21 
 
4.5 Nanostructure of soot collected from microgravity combustion 
Figures 4.19a-b display HRTEM images of soot which was thermophoretically 
sampled at 0.7 s after ignition for a 1.9 mm diameter ethanol droplet burning in 30% O2 
in Ar and 35% O2 in He.  Both experiments were performed at a pressure of 2.4 atm.  
These inert environments produce distinct burning characteristics in terms of the flame 
temperature that is an important parameter that controls soot nanostructure (Vander Wal 
and Tomasek, 2004; Ruiz et al., 2007).  From visual observation of the figures, different 
characteristics of soot nanostructures were observed in each case.  For the Ar inert case 
which produces the higher flame temperature (~2275 K) compared the He inert case 
(~1815 K), wrinkled crystallites (shown by arrow #1) with many aligned arrangement to 
each other were observed from the inner core through the edge site of the primary particle.  
For the He inert case, a large number of concentrically well-ordered graphitic structure 
(shown by arrow #2), i.e., turbostratic structure, was found at the edge site of primary 
particle.  There is also significant presence of amorphous carbon structure in the inner 
core of primary particle for the He inert experiments.  
To further elucidate the soot nanostructure formed in the Ar and He inert 
environments, the carbon lamellas within the soot primary particles were converted into 
distinct binary fringes (i.e., skeletonized fringes) using the image processing techniques 
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described in 4.4.  Figures 4.20a-b display the skeletonized fringe images within the 
selected region of interest (ROI) of 22 nm ×14 nm for the primary particle of soot shown 
in Figures 4. 19a-b.   As displayed in the figure, soot collected from the experiment in Ar 
inert includes longer and more distinct carbon lamellas (as observed in the form of 
fringes) through the entire ROI region compared to the He inert experiments.  For soot 
collected from the droplet burning in He inert, a large number of shorter and 
disconnected fringes, especially in the region which corresponds to the inner core of 
primary particle, are observed.  To exam the reproducibility for soot nanostructure, two 
different ROI (22 nm ×14 nm) locations (denoted by #1 and #2, See Figure 4.21a) were 
selected for the same primary particle of soot collected form the 1.9 mm ethanol droplets 
burning in 30% O2 in Ar (Experiment I).  Also, the same analysis was performed for 
another primary particle of soot collected from an extra 1.9 mm droplet burning 
experiment (Experiment II) in the same burning environment (See Figure 4.21b) and 
results are tabulated in Table 4.2. 
 
Table 4.2 Reproducibility for nanostructure of soot collected from  
the 1.9 mm ethanol droplet burning in 30% in Ar 
 
 Experiment I Experiment II 
ROI location #1 #2 #1 #2 
Number of fringes 307 278 267 302 
Average Lf  [nm] 1.2 1.2 1.1 1.2 
Average fT 1.13 1.10 1.12 1.09 
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The results summarized in Table 4.2 clearly show that soot nanostructure is reproducible 
without a significant variation in parameters investigated for the ethanol droplet burning 
environments investigated.  
The histogram of calculated fringe length for skeletonized fringes displayed in 
Figures 4.22a-b clearly supports the visual interpretation that the Ar inert experiments 
produce the longer fringes compared to the He case.  As shown in the figures, the Ar inert 
experiments produce extended fringe length distribution in which 42% of fringes are 
greater than 1 nm in length whereas the He inert experiments produce extended fringe 
length distribution above 1 nm is only 22% ― the majority of the fringe length for the He 
inert case is between 0.25 nm and 1 nm.  
Figures 4.23a-b display the histogram of calculated fringe tortuosity for 
skeletonized fringes shown in Figures 4.20a-b.  The differences in tortuosity between 
skeletonized fringe images for soot derived from Ar and He inert cases are clearly seen.  
The results indicate that the Ar inert case produces a wide range of the tortuosity 
compared to that for the He inert case.  In addition, the soot derived from the He inert 
case contains a significant population of fringes with a tortuosity less than 1.1 (67 %) 
(whose ratio produces a distinguishable degree of curvature) compared to the Ar inert 
case (56%), which suggests the lower degree of curvature among fringes.  These 
characteristics of lower degree of curvature of fringes for the He case are attributed to the 
amorphous structure at the inner core of the primary particle (which includes shorter and 
disconnected fringes) and planar fringes at the edge site of the primary particles.   
 Soot nanostructure using fringe length and tortuosity is expected to reflect the 
gas-phase chemistry temperature and surface processes (Ishiguro et al., 1997; Hays and 
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Vander wal, 2007).  For example, gas-phase species such as PAHs and C2H2 formed 
through fuel pyrolysis will likely diffuse toward the surface at rates that are defined by 
concentration and diffusion constant differences, and result in soot nanostructures with 
distinct characteristics.  The high temperatures achieved in the Ar inert case actively 
initiate the decomposition of PAHs into smaller species such as C2H2 which leads to soot 
mass growth.  The investigation of Guo et al. (2002) shows that the Ar addition to the 
oxidizer stream (compared to the He addition) for the ethylene /air diffusion flames 
results in the increases flame temperature and attendant increases in C2H2 concentration 
and thus its transport to the soot surface.  Moreover, the high temperature for the Ar inert 
case will activate more surface sites due to removal of activation energy barriers, leading 
to an increase in surface growth rates.  It was found that mass growth by C2H2 can 
facilitate the formation of carbon graphitic structures in an orderly fashion via the 
hydrogen abstraction-carbon addition (HACA) mechanism as shown in Figure 4.24 
(Bockhorn and Schäfer, 1994).  It was also revealed that the HACA sequence can also 
lead to a five member ring (Frenklach and Wang, 1994) (See Figure 4.7).  The 
incorporation of five member ring into the carbon basal plane is critical for constructing 
non-planar graphitic structures.  The existence of a five member ring on the carbon basal 
plane will strain the structures, thereby resulting in wrinkled nanostructures (Pope et al., 
1993; Vander Wal and Tomasek, 2004).  The temperature-enabled mass growth with five 
member rings during HACA sequence results in long and curved carbon lamellas for the 
Ar inert case through the entire soot primary particle.   
 On the other hand, the fuel pyrolysis occurring at lower temperatures as observed 
in the He case dominates PAH formation and its growth relative to the decomposition of 
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PAH (Wang and Frencklach, 1997).  Therefore, large PAH molecules are mainly 
responsible for early mass growth, forming the inner core of primary particle.  Continued 
addition of large PAH molecules to the surface will lead to disordered and disconnected 
soot nanostructure, i.e., amorphous soot structure.  Therefore, amorphous soot 
nanostructure formed at the low temperature result in the lower C/H ratio (Ruiz et al. 
2007).  Within the soot nanostructure, the higher content of hydrogen and other 
functional groups terminates the edge site of carbon atoms, inhibiting the growth of 
carbon lamellas.   As a result, shorter and disconnected carbon lamellas are prevalent 
within the amorphous soot nanostructure as shown in Figure 4.19b.  Moreover, the lower 
temperature reduces the probability to enhance the soot mass growth since the formation 
of C2H2 will be delayed until temperatures are sufficient to cause the breakup of large 
PAHs into C2H2.  When sufficient temperatures for C2 fragment are then reached, it will 
affect the later stage growth at the edge site of primary particle (Vander Wal and 
Tomasek, 2004).  Skeletonized fringe images for soot collected from the He case clearly 
reflect such a mechanism.  However, due to the shorter residence time compared to the 
Ar inert case, the development of graphitic carbon nanostructures is limited to the small 
portion of the edge site of the primary particle.  Furthermore, the higher mass diffusivity 
inherent in the He case may diffuse C2H2 formed in the flame zone to the incipient soot 
surface at a higher rate, forming relatively long carbon fringes at the edge site of primary 
particle as shown in Figure 4.19b.  Nevertheless, due to a large population of 
disconnected fringes, average fringe length for the He inert case is smaller than that for 
the Ar inert case.  
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To investigate the influences of residence time on soot nanostructure, the 
residence time was varied from 77 ms to 168 ms by adjusting the initial droplet diameter 
(from 1.6 mm to 2.2 mm) for the ethanol droplets burning in 30% O2 in Ar.  It is 
important to note that the variations in the initial droplet diameter do not result in a 
variation in the flame temperature as discussed in 3.3, therefore the influence of residence 
time can be analyzed under constant temperature conditions.  Figures 4.25a-b display the 
HRTEM images of soot sampled at 0.7 s after ignition for 1.6 mm and 2.2 mm ethanol 
droplets burning in 30% O2 in Ar at a pressure of 2.4 atm.  As shown in the figures, both 
cases produced distinct graphitic lamella through the entire soot structure due to 
relatively higher temperatures.  The soot nanostructures are however, significantly 
different from each other.  Soot collected from 1.6 mm ethanol droplet burning in 30% O2 
in Ar (which produces 77 ms of residence time) is characterized by a higher degree of 
curvature of carbon lamellas, i.e., fullerenic nanostructure (See Figure 4.25a).  In contrast, 
2.2 mm ethanol droplet case (which produces 168 ms) produces the soot nanostructure 
that includes the extended carbon lamellas with very little observable curvature.  Figures 
4.26a-b displays skeletonized fringe image of carbon lamellas within the selected ROI for 
soot nanostructures.  As shown in the figures, skeletonized fringes observed in 2.2 mm 
ethanol droplet burning case are largely planar, longer, and less tortuous while those 
observed in the 1.6 mm ethanol droplet case are shorter and more curved.   
To quantitatively clarify the influences of residence time on soot nanostructure, 
the fringe length and torturosity were measured and displayed in Figures 4.27a-b and 
Figures 4.28a-b, respectively.  The histogram of calculated fringe length shows that the 
range of fringe length for the 2.2 mm ethanol burning case (which produces the longer 
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residence time of 168 ms) is broader than that for the 1.6 mm ethanol droplet burning case 
(which produces the shorter residence time of 77 ms).   A significant population of 
fringes with length greater than 1 nm for the 2.2 mm ethanol droplet burning shifts the 
average fringe length toward a large value.  The distribution of fringe lengths greater than 
1 nm are 48 % and 36 % for the 2.2 mm and 1.6 mm droplet cases, respectively.  The 
calculated tortuosity for the 2.2 mm ethanol droplet burning case is also very narrowly 
distributed, indicating that the fringes are less tortuous.   The distribution of tortuosity of 
less than 1.1 for the 1.6 mm case is 45 %.  For the 2.2 mm case, the distribution of 
tortuosity less than 1.1 is 30 %.   
Figure 4.29 displays the average fringe length as a function of residence time for 
ethanol droplets burning in 30% O2 in Ar (in which the initial droplet diameter ranges 
from 1.6 mm to 2.2 mm).  This result clearly summarizes the influences of residence time 
of soot nanostructure.  As the residence time is increased, a linear increase in the average 
fringe length was also observed.  In contrast to the average fringe length, as the residence 
time is increased, a reduction in the average tortuosity is observed as shown in Figure 
4.30.  
A longer fringe length represents a larger graphitic structure which includes a 
great number of basal plane carbon atoms.  The number of carbon atoms in graphitic 
structure can be estimated using the following relationship (Galvez et al., 2002): 
23 1
2c
LN
a
⎛= +⎜⎝ ⎠
⎞⎟       (4.3) 
where Nc is the number of carbon atoms, L is the carbon lamella length in nm, and a is the 
c-c bond distance in aromatic ring, i.e., 0.246 nm.   Although the estimation is only valid 
for isometric hexagonal carbon layer, it is a good approximation to count the number of 
 
 137
carbon atoms for graphitic carbon structure (Galvez et al., 2002).  Figure 4.31 displays 
the calculated number of carbon atoms within the selected ROI region (shown in figures 
4.6a and 4.11a-b) as a function of residence time.  As illustrated in the figure, the number 
of carbon atoms is drastically increased as a function of residence time.  An increase in 
the carbon atoms can be interpreted as enhanced surface growth process by C2H2.  
Therefore, this result obviously suggests that the extended residence time in microgravity 
result in the enhanced surface growth.   In addition, increases in carbon atoms (which 
results in more graphitic structure) may contribute to the enhanced radiative heat loss 
with the initial droplet diameter.  For the evaluation of radiative heat loss, the Planck-
mean absorption coefficient, kp for soot can be determined as (Modest, 1993):    
2
3.83 e vp
K f Tk
C
=       (4.4) 
where Ke is the light extinction constant, fv is the soot volume fraction, T is the 
temperature and C2 is the Planck’s second constant.  As seen in Eqn. 4.4, the Planck-
mean absorption coefficient is strongly affected by the light extinction coefficient as well 
as soot volume fraction, larger radiating flame volume, and temperature.  It was found 
that more graphitic structure can increase the light extinction coefficient (Choi et al, 
2007).   Therefore, the increase in radiative heat loss with the initial droplet diameter 
(observed in Chapter 3) may be due to the increase in carbon atoms within soot particle 
(which leads to graphitic nanostructure) as well as the increase in soot volume fraction. 
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4.6 Conclusions 
Soot was thermophoretically sampled from the ethanol droplet burning in 30% O2 
in Ar and He environments which produce distinct combustion conditions in terms of 
flame temperature and residence time for fuel vapor transport.  The experimental results 
clearly indicate that the higher temperature for the Ar inert case produces the graphitic 
nanostructures while the lower temperature for the He inert case produces the amorphous 
nanostructures at the inner core of soot primary particle.  The variations in initial droplet 
diameters which result in the variations in the residence time but not in flame temperature 
create distinguishable soot nanostructures.  The increase in the initial droplet diameters 
produces the longer carbon lamellas with little degree of curvature while the reduction in 
the initial droplet diameters produces the shorter carbon lamella with higher degree of 
curvature (i.e., fullerenic nanostructure).   These experimental results highlight the 
importance of temperature and residence time on soot nanostructure.  
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4.7 Figures 
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Figure 4.1 Schematic of sp2 hybridized carbon framework 
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Figure 4.2 HRTEM images of soot collected from ethylene gas-jet diffusion flames in 
normal gravity as a function of height: a) 50 mm, b) 110 mm , and c) 210 
mm  (Shaddix et al., 2005) 
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Figure 4.3 Schematic of a gas-jet diffusion flame in normal gravity conditions 
(Shaddix and Williams, 2007) 
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Figure 4.4 Schematic of a spherically-symmetric droplet flame in microgravity 
conditions  
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Figure 4.5 Schematic of soot formation process (Bockhorn, 1994) 
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Figure 4.6 Reaction pathway for the first aromatic ring via (a) n-C4H3 and (b) n-C4H5 
(Frenklach and Wang, 1994) 
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Figure 4.7 HACA reaction sequence for growth of PAHs (Frenklach and Wang,1994) 
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Figure 4.8 PAH growth process through polymerization (Frenklach and Wang,1994) 
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Figure 4.9 Schematic of graphitic carbon nanostructure (Pierson, 1993) 
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Figure 4.10 Schematic of soot agglomerate comprised of primary particles 
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Figure 4.11 Fringe analysis algorithm running under Matrox Inspector 4.1® 
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Figure 4.12 Binary fringe image extracted from the selected ROI in the HRTEM image 
for soot collected from ethanol droplet combustion in 30% O2 in N2 at 2.4 
atm 
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(a) 4 connected lattice 
 
 
(b) 8 connected lattice 
 
 
Figure 4.13 Schematic of 3×3 pixel mapping table for a fringe connectivity inspection 
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(a) Before post-processing treatment 
 
 
 
 
 
 
 
(b) After post-processing treatment 
 
 
 
 
Figure 4.14 Schematic of fringe reconnection process during post-processing  
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(a)  Inclusion of fringes in contact with the ROI boundary 
 
 
 
(b) Exclusion of fringes in contact with the ROI boundary  
 
 
Figure 4.15 Skeletonized fringe image for binary fringe image shown in Figure 4.12 
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Figure 4.16 Schematic of a box enclosing a fringe for tortuosity calculation 
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Figure 4.17 Reprocessed skeletonized fringe image after the elimination of fringes in 
contact with the ROI boundary  
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(b) Average tortuosity plotted versus ROI area 
 
 
Figure 4.18 Fringe parameter variations as a function of ROI area 
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Figure 4.19 HRTEM images of soot at 1,000,000 × for 1.9 mm ethanol droplet burning 
in Ar and He at 2.4 atm 
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(a) 1.9 mm ethanol droplet burning in 30% O2 in Ar 
 
 
 
 
 
(b) 1.9 mm ethanol droplet burning in 35% O2 in He 
 
 
 
Figure 4.20 Skeletonized fringe images of the subset region in the HRTEM images 
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Figure 4.21 HRTEM imgages of soot collected from the 1.9 mm ethanol droplets 
burning in 30% O2 in Ar  
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(b) 35% O2 in He 
 
Figure 4.22 Histograms of fringe length for soot collected from 1.9 mm ethanol droplet 
burning in the environments of 30% O2 in Ar and 35% O2 in He at 2.4 atm 
(La represents the average fringe length.)  
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(b) 35% O2 in He 
 
 
Figure 4.23 Histograms of fringe tortuosity for soot collected from 1.9 mm ethanol 
droplet burning in the environments of 30% O2 in Ar and 35% O2 in He at 
2.4 atm 
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Figure 4.24 HACA mechanism for molecular growth by Bockhorn and Schäfer (1994) 
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(a) 1.6 mm ethanol droplet burning in Ar 
 
 
 
 
(b) 2.2 mm ethanol droplet burning in Ar 
 
 
Figure 4.25 HRTEM images of soot at 1,000,000 × for ethanol droplet burning in 30% 
O2 in Ar at 2.4 atm 
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(a) 1.6 mm ethanol droplet burning in Ar 
 
 
 
 
 
(b) 2.2 mm ethanol droplet burning in Ar 
 
 
 
Figure 4.26 Skeletonized fringe images of the subset region in the HRTEM images 
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(a) 1.6 mm ethanol droplet burning in Ar  
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(b) 2.2 mm ethanol droplet burning in Ar  
 
 
Figure 4.27 Histograms of fringe length for soot collected from ethanol droplets 
burning in the environments of 30% O2 in Ar at 2.4 atm 
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(a) 1.6 mm ethanol droplet burning in Ar 
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(b) 2.2 mm ethanol droplet burning in Ar 
 
Figure 4.28 Histograms of fringe tortuosity for soot collected from ethanol droplets 
burning in the environments of 30% O2 in Ar at 2.4 atm 
 
 
 
 
 
 
 167
 
 
 
 
 
 
 
0
0.5
1
1.5
60 80 100 120 140 160 180
L f
,a
 [n
m
]
τ
r
 [ms]
1.6 mm
1.9 mm
2.2 mm
 
 
 
Figure 4.29 Average fringe length as a function of residence time for ethanol droplets 
burning in the environments of 30% O2 in Ar at 2.4 atm (τr was varied by 
ranging the initial droplet diameter from 1.6 mm to 2.2 mm) 
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Figure 4.30 Average tortuosity as a function of residence time for ethanol droplets 
burning in the environments of 30% O2 in Ar at 2.4 atm (τr was varied by 
ranging the initial droplet diameter from 1.6 mm to 2.2 mm) 
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Figure 4.31 Calculated number of carbon atoms plotted versus residence time for 
ethanol droplets burning in the environments of 30% O2 in Ar at 2.4 atm 
(τr was varied by ranging the initial droplet diameter from 1.6 mm to 2.2 
mm) 
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CHAPTER 5: Summary and Future Work 
 
5.1 Summary 
In response to public concerns regarding the polluting fossil fuel combustion and 
efforts to diversify energy sources, ethanol has gained attention as a renewable energy 
source.   Ethanol is now widely used as an alternative fuel for vehicles and as an additive 
to meet clean gasoline standards.  There are numerous benefits for the use of the ethanol.  
It helps to reduce harmful pollutants such as CO and NOx in our environment and 
therefore reduce related-health care costs.  Increased ethanol production and its use will 
directly reduce petroleum fuel imports that account for approximately 35% of America’s 
current trade deficit (Yergin and Stobaugh, 1992).  
Due to the increased importance of ethanol as an alternative fuel, improvements 
in the understanding of its combustion characteristics are essential.  Ethanol droplet 
combustion in reduced-gravity environments has revealed many important ethanol 
combustion characteristics such as transient flame behaviors (Okajima and Kumagai, 
1975), non-linear droplet burning rate (Lee and Law, 1992), and large droplets flame 
extinction (Colantonio et al., 1998).  For most studies investigated, ethanol combustion, 
however, was found to be without sooting.  Recent experiments performed by Yozgatligil 
and coworkers (2004; 2007) clearly demonstrated that the magnitude of sooting of 
ethanol microgravity flames varied from non-sooting to heavily sooting as inerts (He, N2, 
and Ar) were changed in the ambient pressure and oxygen concentration.  In spite of 
discovery of unique sooting behaviors for ethanol combustion, there is still lack of 
understanding of ethanol droplet burning associated with sooting and radiation behaviors. 
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To investigate the importance of sooting of ethanol microgravity flames, 
experiments were performed in the 2.2s microgravity droptower at the NASA Glenn 
Research Center at Lewis Field.  Noting the importance of transport characteristics of 
heat and species and their attendant effects on flame temperature and residence time on 
the sooting mechanism of diffusion flames, parameter adjustments were made to vary the 
sooting over a wide range of conditions.  In these experiments, the residence times for 
fuel vapor transport were varied using changes in initial droplet diameters (from 1.6 mm 
to 2.2 mm) and ambient pressure (from 1.6 atm to 2.4 atm) and inert substitutions (He, N2, 
and Ar).  The flame temperature and flame standoff ratios were varied using different 
inert substitutions. 
The experimental measurements revealed that variations in the initial droplet 
diameter, ambient pressure, and inert substitution led to a significant change in droplet 
sooting behaviors. Ethanol droplets burning in Ar inert environments produced the 
highest soot volume fraction, followed by N2 inert environments, and He inert 
environments which produced the lowest soot volume fraction.  For each of the inert 
cases, the flame temperature, the soot standoff ratio, and the flame standoff ratio were 
only weakly affected by changes in the initial droplet diameter and ambient pressure.  
However, significant increases in the soot volume fraction were observed as the initial 
droplet diameter or ambient pressure was increased.  The variations in sooting behavior 
cannot be explained based solely on the attendant changes in the flame temperature.  The 
coupled analysis of the flame temperature, residence times for fuel vapor transport and 
soot precursor production provides correlation with the observed variations in sooting in 
microgravity droplet flames. 
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Soot was thermophoretically sampled from the ethanol droplets burning in 30% 
O2 in Ar and He environments.  Soot collected was analyzed for nanostructure properties 
using a fringe analysis algorithm that was developed as a part of this study.  The 
changing inert produced distinctly different combustion conditions with respect to flame 
temperature and residence time for fuel vapor transport.  The experimental results clearly 
indicate that the higher temperature for the Ar inert case produces more graphitic 
nanostructures while the lower temperature for the He inert case produces more 
amorphous nanostructures at the inner core of soot primary particle.  The variations in 
initial droplet diameters, which influence residence time while maintaining flame 
temperatures, produce distinguishable soot nanostructures on the edge site of the soot 
particle.  The higher residence time produces the longer carbon lamellas with little degree 
of curvature while the lower residence time produces shorter carbon lamellas with higher 
degree of curvature (i.e., fullerenic nanostructure). 
 
5.2 Future work 
To enable human exploration of space involving extended periods in transit and in 
extraterrestrial environments, it is necessary to improve the ability to detect, control, and 
mitigate fires aboard spacecrafts.  The tools and knowledge on this topic of research will 
require full consideration of the important sub-mechanisms, in particular, the ignition, 
radiation, extinction, and suppression processes.  In essence, microgravity fire safety 
studies will need to investigate the chemical, thermal, and fluid dynamic effects of 
available suppression techniques in reducing the flame temperature and inducing flame 
extinction.  Previous microgravity studies have shown the significant role of radiation 
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heat transfer in combustion phenomena including specific interactions with radiatively-
induced flame extinction (Atreya et al., 1995; Nayagam et al., 1998; Marchese et al., 
1999).  Therefore, the coupling between the suppression methods and radiatively-induced 
extinction is an important element to consider in fire safety analysis.   
Review of all of the catastrophic fire accidents (Apollo 1, Apollo 13, and the Mir 
incidents) in the space program reveal that they have occurred under conditions that 
involved oxygen-supported fires (National Academy Press, 2003) that produce significant 
particulates.  Under such conditions, the radiative heat loading, oxygen deprivation, and 
view obscuration from the particulates that are produced may present a greater danger to 
the crew than from the open flame.  Based on the importance of particulate formation in 
microgravity flames, fire sensing technologies in microgravity environments have relied 
on scattering from the flame-generated particles (Urban et al., 1997).  Therefore, it is 
paramount that the flame suppression studies include fuels that form soot to accurately 
represent conditions that are to be expected in an actual fire in microgravity 
conditions.  For this reason, ethanol is an ideal choice for which conditions can be varied 
from non-sooting cases to heavily-sooting cases by merely controlling the initial droplet 
size, ambient pressure, oxygen concentrations, convection, and inert substitution as 
parameters.  
The importance of the sooting influence on droplet burning and radiation was 
summarized in a 2003 report by the National Academy of Engineering (National 
Academy Press, 2003) which stated that “…formation and oxidation of soot particles are 
intimately tied to their temperature, which is affected by radiation.  These observations 
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strongly suggest that studies of radiation cannot be decoupled from those of soot 
formation and oxidation”.    
As part of this dissertation, the influence of sooting on the burning behavior of 
ethanol droplet was pursued.  Transient processes such as diffusive extinction was not 
part of the scope of this dissertation.  Diffusive extinction, however, is an important 
parameter that holds key insights into flame dynamics and fire safety.  Diffusive 
extinction of a droplet flame occurs when the characteristic time of flow of reactants 
through a given distance becomes shorter than the time required for energy release 
through chemical reactions in that same distance.  This relationship is defined by the 
Damköhler number which is a non-dimensional ratio of the characteristic flow time (due 
to diffusive transport) to the characteristic chemical reaction time.  Diffusive extinction 
can be superseded by radiative extinction for large droplets as was observed in previous 
microgravity experiments (Nayagam et al., 1998).  Radiative extinction in droplet 
combustion occurs when significant reduction in temperature is caused by radiative 
losses within the reaction zone (Chao et al., 1990; T'ien and Bedir, 1997).  Through 
microgravity droplet combustion experiments, it has been found that extinction is a 
phenomenon that is strongly influenced by the formation, oxidation and transport of soot 
particles.  The reduction of the droplet burning rate caused by sooting affects the rate of 
fuel vapor transport from the droplet surface to the flame front thereby reducing the 
residence time for soot formation and soot growth.  Furthermore, the broadband 
characteristics of soot radiation further reduce the flame temperature and rate of chemical 
reaction thereby promoting flame extinction.     
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As part of the fire safety study proposed for performance in the International 
Space Station, baseline cases and the resulting influences of sooting and radiative heat 
losses caused by oxygen concentration variations, inert substitution, reduced-pressures, 
initial droplet diameter, different fuel types, and inert and chemically-active suppressant 
flow on n-heptane microgravity droplet flames need to be investigated.  
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